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(57) Abstract 

The present invention is directed to expression vectors and yeast cells transformed therewith containing a first heterologous nucleotide 
sequence which codes for a G protein-coupled receptor, for example, the somatostatin receptor, and a second nucleotide sequence which 
codes for all or a portion of a G protein cc/3y complex. Said heterologous protein is physically expressed in a host cell membrane in proper 
orientation for both stereoselective binding of ligands, as well as functional interaction with G proteins on the cytoplasmic side of the cell 
membrane. In some embodiments, a nucleotide sequence encoding a heterologous or chimeric Ga protein is expressed in conjunction with 
nucleotide sequences from the yeast G protein 0 T subunits. A second aspect of the present invention provides expression vectors and yeast 
cells transformed therewith encoding chimeric yeast/heterologous G protein coupled receptors. A third aspect of the present invention is 
directe4 to methods of assaying compounds using such expression constructs and yeast cell expression systems to determine the effects of 
Ugand binding to the heterologous receptors expressed in the systems. 
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Heterologous G protein coupled receptors expressed 1n yeast, their fusion with 
G proteins and use thereof in bloassay 



Field of Invention 

This invention relates to heterologous G protein- 
coupled receptor expression constructs , yeast cells 
expressing such receptors, vectors useful for making such 
cells, and methods of making and using same. 

Background of the Invention 
The actions of many extracellular signals, for 
example: neurotransmitters, hormones, odorants and light, 
are mediated by receptors with seven transmembrane domains 
(G protein-coupled receptors) and heterotrimeric guanine 
nucleotide-binding regulatory proteins (G proteins) . G 
proteins are comprised of three subunits: a guanyl- 
nucleotide binding a subunit; a p subunit; and a y subunit 
[for review, see Conklin, B.R and Bourne, H.R. (1993 Cell 73, 
631-641] . G proteins cycle between two forms, depending on 
whether GDP or GTP is bound to the a subunit. When GDP is 
bound, the G protein exists as a heterotrimer, the Ga$y 
25 complex. When GTP is bound, the a subunit disassociates, 

leaving a GPy complex. Importantly, when a GaPy complex 
operatively associates with an activated G protein coupled 
receptor in a cell membrane, the rate of exchange of GTP for 
bound GDP is increased and, hence, the rate of 
30 disassociation of the bound Ga subunit from the GPy complex 

increases. The free Ga subunit and GPy complex are capable 
of transmitting a signal to downstream elements of a variety 
of signal transduction pathways. This fundamental scheme of 
events forms the basis for a multiplicity of different cell 
* 35 signaling phenomena. For a review, see H.G. Dohlman, J. 

i Thorner, M. Caron, and R. J. Lefkowitz, Ann. Rev. Biochem, 



20 
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60, 653-688 (1991) . G protein-mediated signaling systems 
are present in organisms as divergent as yeast and man. The 
yeast Saccharomyces cerevisiae is utilized as a model 
eukaryotic organism. Due to the ease with which one can 
manipulate the genetic constitution of the yeast 
Saccharomyces cerevisiae, researchers have developed a 
detailed understanding of many complex biological pathways . 
It has been demonstrated in numerous systems that the 
evolutionary conservation of protein structure is such that 
many heterologous proteins can substitute for their yeast 
equivalents. For example, mammalian Gcc proteins can form 
heterotrimeric complexes with yeast GPy proteins [Kang, Y.- 
S., Kane, J., Kurjan, J., Stadel, J.M., and Tipper, D.J. 
(1990) Mol. Cell. Biol. 10, 2582-2590]. The G protein- 
coupled receptors represent important targets for new 
therapeutic drugs. Discovery of such drugs will necessarily 
require screening assays of high specificity and throughput. 
For example, therapeutic intervention in the somatostatin- 
growth hormone axis requires new chemical agents that act in 
a somatostatin receptor subtype-selective manner. The 
somatostatin receptor (SSTR) is a prototype of the seven 
transmembrane-domain class of receptors in mammalian cells. 
The cyclic tetradecapeptide .somatostatin, first isolated 
from hypothalamus and shown to be a potent inhibitor of 
growth hormone release from the anterior pituitary, has been 
shown to have broad modulatory effects in CNS and peripheral 
tissues. In response to binding of somatostatin, SSTR 
activates a heterotrimeric G protein, which in turn modifies 
the activity of a variety of effector proteins including but 
not limited to adenylate cyclases, ion channels, and 
phospholipases. The effects of somatostatin are transduced 
through the action of gene products encoded in five distinct 
receptor subtypes that have recently been cloned [Strnad, 
J., Eppler, CM. , Corbett, M. , and Hadcock, J.R. (1993) BBRC 
191, 968-976; Yamada, Y. , Post, S.R., Wang, K., Tager, H.S., 
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Bell, G.I., and Seino, S. (1992) Proc. Natl. Acad. Sci. USA 
89, 251-255; Meyerhof, W., Paust, H.-J., Schonrock, C, and 
Richter, D. (1991); Kluxen, F.-W., Bruns, C, and Lubbert, 
H. (1992) Proc. Natl- Acad. Sci. USA 89, 4618-4622; Li, X.- 
J,, Forte, M. , North, R.A., Rose, C.A., and Snyder, S. 
(1992) J. Biol. Chem. 267, 21307-21312; Bruno, J.F., Xu, Y., 
Song, J., and Berelowitz, M. (1992) Proc. Natl. Acad. Sci. 
USA 89, 11151-11154; O f Carrol, A.-M., Lolait, S.J., Konig, 
M., and Mahan, L. (1992) Mol. Pharmocol. 42, 939-946]. 
Screening assays utilizing yeast strains genetically 
modified to accommodate functional expression of the G 
protein-coupled receptors offer significant advantages in 
research involving ligand binding to the somatostatin 
receptor, as well as a host of other receptors implicated in 
various disease states. 

Summary of the Invention 

A first aspect of the present invention is 
directed to expression vectors and yeast cells transformed 
therewith, containing a first heterologous nucleotide 
sequence which encodes for a G protein-coupled receptor, for 
example, the somatostatin receptor, and a second nucleotide 
sequence which encodes for all or a portion of a G protein 
ccPy complex. In certain embodiments, all or a portion of a 
nucleotide sequence encoding for a heterologous G protein a 
subunit is fused to a nucleotide sequence from the yeast G 
protein a subunit. In certain preferred embodiments, the 
expression vectors and transformed cells contain a third 
heterologous nucleotide sequence comprising a pheromone- 
responsive promotor and an indicator gene positioned 
downstream from the pheromone-responsive promoter and 
operatively associated therewith. The vectors and cells may 
further contain several mutations. These include 1) a 
mutation of the yeast SCG1/GPA1 gene, which inactivates the 
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yeast Go protein, facilitating interaction of the 
heterologous receptor with the G protein; 2) a mutation of 
a yeast gene to inactivate its function and enable the yeast 
cell to continue growing in spite of activation of the 
pheromone response signal transduction pathway, preferred 
embodiments being mutations of the FARl and/or FUSS genes; 
and, 3) a mutation of a yeast gene, the effect of the which 
is to greatly increase the sensitivity of the response of 
the cell to receptor-dependent activation of the pheromone 
response signal transduction pathway, preferred genes in 
this regard being the SST2, STE50 , SGV1, STE2, STE3, PIK1, 
AFRI, MSG5, and SIGl genes. 

A second aspect of the present invention is a 
chimeric expression construct and yeast cells transformed 
therewith comprising a first nucleotide sequence encoding 
for a yeast G protein coupled receptor in operative 
association with a heterologous nucleotide sequence which 
encodes for a heterologous G protein coupled receptor. The 
constructs and cells may contain a second heterologous 
nucleotide sequence comprising a pheromone-responsive 
promotor and an indicator gene positioned downstream from 
the pheromone-responsive promoter and operatively associated 
therewith. The constructs and cells may further contain 
several mutations. These include 1) a mutation of a yeast 
gene to inactivate its function and enable the yeast cell to 
continue growing in spite of activation of the pheromone 
response signal transduction pathway, preferred embodiments 
being mutations of the FARl and/or FUS3 genes; and, 2) a 
mutation of a yeast gene, the effect of the which is to 
greatly increase the sensitivity of the response of the cell 
to receptor-dependent activation of the pheromone response 
signal transduction pathway, preferred genes in this regard 
being the SST2, STE50, SGV1, STE2 , STE3, PIK1, AFRI, MSG5, 
and 5JG1 genes. A productive signal is detected in a 
bioassay through coupling of the heterologous receptor to a 
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yeast protein. 

A third aspect of the present invention is a 
method of assaying compounds to determine effects of ligand 
binding to the heterologous receptors by measuring effects 
on cell growth- In certain preferred embodiments, yeast 
cells of the kind described above are cultured in 
appropriate growth medium to cause expression of 
heterologous proteins, embedded in agar growth medium, and 
exposed to compounds applied to the surface of the agar 
plates. Effects on the growth of embedded cells are 
expected around compounds that activate the heterologous 
receptor. Increased growth may be observed with compounds 
that act as agonists, while decreased growth may be observed 
with those that act as antagonists. 

Brief Description of the Drawings 

FIGURE 1. Strains containing the indicated Ga 
expression plasmids are treated with mating pheromone (a 
factor) . A measure of resulting signal transduction is 
provided by a reporter plasmid carrying FUSl-lacZ. Data are 
represented as a percent of p-galactosidase activity 
measured in a strain expressing solely the wild type Ga 
protein. 

FIGURE 2. Strains containing the indicated CUPlp- 
Ga expression plasmid and grown in medium containing the 
indicated concentration of copper are treated with mating 
pheromone (a factor) . A measure of resulting signal 
transduction is provided by a reporter plasmid carrying 
FUSl-lacZ. Data are represented as a percent of p- 
galactosidase activity measured in a strain expressing no 
exogenous Ga protein. 

FIGURE 3. Saturation binding of 3 H-spiperone to 
yeast membrane fractions prepared from a strain (CY382) 
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expressing the 5HTla serotonin receptor. Bmax =3.2 pmol/mg 
protein; Kd - 115 nM. 

FIGURE 4. Amino-terminal chimeric Ste2/5HTla 
receptors. The CHI11 receptor contains the first 14 amino 
5 acids of the yeast Ste2 protein. The CHI17 receptor has a 

replacement of the amino-terminus of the 5HTla receptor 
through the first two transmembrane domains with the 
corresponding region of the Ste2 receptor. The CHI 18 
receptor has the same Ste2 sequences fused directly to the 

10 amino-terminus of the 5HTla receptor to create a receptor 

predicted to span the cellular membrane nine times. Bmax 
values were determined by measuring maximal binding of the 
radiolabeled ligand 3H-spiperone . Values are given as pmol 
radioligand bound per mg total protein. 

15 FIGURE 5. Competition binding analysis of the 

agonists isoproterenol or epinephrine against 125 I- 
cyanopindolol with crude membrane extracts prepared from a 
wild-type yeast strain expressing the p 2 -adrenergic 
receptor. Data are presented as percent maximal radioligand 

20 binding. IC 50 values = 10 nM, isoproterenol; 200 nM, 

epinephrine . 

FIGURE 6. Competition binding analysis of the 
agonists isoproterenol or epinephrine against 125 I- 
cyanopindolol with extracts prepared from a yeast strain 

25 coexpressing the p 2 -adrenergic receptor and mammalian G w . 

Data are presented as percent maximal radioligand binding. 
IC 50 values = lOnM, isoproterenol; 60 nM, epinephrine. 

FIGURE 7. Saturation binding of [ l25 I] tyr"S-14 to 
membranes of yeast cells coexpressing the SSTR2 subtype and 

30 Scgl/G ia2 . Membranes from yeast cells expressing the SST2 

subtype were prepared as described in Experimental 
Procedures. Saturation binding was performed with 20-1600 
pM [ 125 I]tyr n S-14. Non-specific binding for each point as 
cpm bound in the presence of 1 uM cold S-14 ranged from 10 

35 to 40%. Displayed is a representative experiment performed 
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in duplicate. 

FIGURE 8. Immunoblot showing somatostatin receptor 
expression. Membrane fractions are isolated from the 
indicated yeast strains. Aliquots of 5 to 30 ug of protein 
are examined by polyacrylamide gel electrophoresis/Western 
blot analysis. Molecular weight markers are indicated in 
kilodaltons. Arrows mark somatostatin receptor protein 
bands. Several species of this receptor are observed; 
doublet and triplet bands in addition to the 43 kd single 
receptor. Lanes, 1+2, CY602 (see Table 1); 3+4. CY603; 5+6, 
CY624; 7, congenic strain expressing no receptor. 

FIGURE 9. Immunoblot showing muscarinic 
acetylcholine receptor (mAchR) expression. Membrane 
fractions are isolated from the indicated yeast strains . 
Aliquots of 30 ug of protein are examined by polyacrylamide 
gel electrophoresis/Western blot analysis as described in 
the text. Molecular weight markers are indicated in 
kilodaltons. Arrows mark mAchR protein bands. 

FIGURE 10. Immunoblot showing «2-AR expression. 
Membrane fractions are isolated form the indicated yeast 
strains. Aliquots of 30 ug of protein are examined by 
polyacrylamide gel electrophoresis/ western blot analysis. 
Molecular weight markers are indicated in kilodaltons. 
Arrows mark o2-AR protein bands. 

FIGURE 11. Somatostatin receptor expression 
plasmid, p JH1 . 

FIGURE 12. G protein expression plasmid, 

pLP82 . 

FIGURE 13 (A&B) . Dose dependent growth response 
of yeast cells to somatostatin. Cultures of yeast strain 
LY268 are embedded in agar (top plate) or spread evenly on 
the surface of agar plates (bottom plate) and exposed to the 
indicated amounts of designated compounds spotted on paper 
disks placed on top of the agar. Plates are incubated at 
30°C. 
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FIGURE 14<A,B,C,&D) . Growth response of yeast 
strains exposed to somatostatin is dependent on amount of 
chimeric G protein expressed. Cultures of yeast strains 
described in the text are embedded in agar and exposed to 
5 the indicated amounts of designated compounds spotted on 

paper disks placed on top of the agar. Plates are incubated 
at 30°C. 

FIGUBE15 (A,B,C,&D) Growth response of yeast strains 
exposed to somatostatin is dependent on amount of yeast G 
10 protein expressed. Cultures of yeast strains described in 

the text are embedded in agar and exposed to the indicated 
amounts of designated compounds spotted on paper disks 
placed on top of the agar. Plates are incubated at 30°C. 

FIGURE 16 (A&B) . Yeast cells bearing a mutation in 
15 the sst2 gene exhibit elevated resistance to AT when exposed 

to mating pheromone. Cultures of yeast strains are embedded 
in agar and exposed to the indicated amounts of a mating 
factor spotted on paper disks placed on top of the agar. 
Plates are incubated at 30°C. 
20 FIGURE 17 (A,B,C,&D) . A mutation in the sst2 gene 

enhances the growth of the yeast cells exposed to 
somatostatin. Cultures of yeast strains described in the 
text are embedded in agar and exposed to the indicated 
amounts of designated compounds spotted on paper disks 
25 placed on top of the agar. Plates are incubated at 30°C. 

FIGURE 18. Ligand-binding to the rat CCK B 
receptor expressed in yeast. Crude membrane fractions from 
overnight liquid cultures of LY631 cells were prepared, arid 
agonist saturation binding assays conducted as described in 
30 Methods and Materials. Saturation binding was performed 

with 4-60 nM[ 3 H] CCK-8 (25 ug protein/tube) . Non-specific 
binding for each point as cpm bound in the presence of 1 uM 
cold CCK-8 ranged from 20 to 60%. Displayed is a 
representative experiment performed in duplicate. 
35 FIGURE 19 (A&B) . Growth of yeast in response to CCK B 
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receptor agonists. Yeast strains that functionally express 
the rat CCK B receptor (LY628, LLY631) were cultured as 
described in Materials and Methods were plated in SC 
Galactose (2 %)-ura, trp, his agar medium (2 xlO 4 cells/ml) . 
Sterile filter disks were placed on the surface of the 
solidified agar and saturated with 10 ul of DMSO containing 
10 ul amounts of the indicated compounds. The plates were 
then incubated at 30°C for 3 days. (A) CCK-8, (B) CCK-4. 

FIGURE 20. A 2a -adenosine receptor saturation 
binding assay. Radioligand binding assays were performed in 
96-well microliter plates using binding buffers (50nM HEPES, 
pH 7.4, 10 mM MgCl 2 , 0.25% BSA) containing protease 
inhibitors (5ug/ml leupeptin, 5 ug/ml aprotinin, 100 ug/ml 
bacitracin, and 100 ug/ml benzamidine) . All components were 
diluted in binding buffer containing protease inhibitors and 
added to the microliter plate wells in the following order: 
binding buffer, cold competitor (NECA, 1 uM final 
concentration), [ 3 H]NECA (l-50nM) . Binding reactions were 
initiated by adding 82 ug of membrane protein in a 170 ul 
volume. Final reaction volume was 200 ul/well. All 
incubations were carried out at room temperature for 2 
hours. Free radioligand was separated from bound ligand by 
rapid filtration through a glass fiber filter using an 
Inotech cell harvester. The filter disks were then washed 
several times with cold (4°C) binding buffer lacking BSA 
prior to counting. 

FIGURE 21. Growth of yeast in response to A»- 
adenosine receptor agonists. LY595 cells cultured as 
described in Materials and Methods were plated in SC 
Galactose (2 %)-ura, trp, his agar medium (2 xlO 4 cells/ml) . 
Sterile filter disks were placed on the surface of the 
solidified agar and saturated with 10 ul of DMSO containing 
the 10 ug of the indicated compounds. The plates were then 
incubated at 30°C for 3 days. (A, B) CGS-21680, (B) NECA 
(C) DPMA. 
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FIGURE 22. Growth of yeast cells containing SSTR5 
in response to somatostatin receptor agonists. LY620 cells 
cultured as described in Materials and Methods were plated 
in SC Galactose (2 %)-ura, trp, his agar medium (2 x 10 
cells/ml) . Sterile filter disks were placed on the surface 
of the solidified agar and saturated with 10 ul of sterile 
water containing the indicated amounts of the indicated 
compounds. The plates were then incubated at 30°C for 3 
days. (A) 60 nmol S-14, (B) 30 nmol S-28. 

Figure 23. Growth of yeast cells containing 
porcine SSTR2 in response to somatostatin receptor agonists. 
LY474 (two independent isolates: 21,22) were cultured as 
described in Materials and Methods were plated in SC 
Galactose (2 %)-ura, tr P/ his agar medium (2 x 10* 
cells/ml) . Sterile filter disks were placed on the surface 
of the solidified agar and saturated with 10 ul of sterile 
water containing the indicated amounts of the indicated 
compounds. The plates were then incubated at 30°C for 3 
days. (1) 600 pmol, (2) 60 pmol. 

FIGURE 24. Deletion of MSG5 increases the 
sensitivity of the yeast bioassay. Cultures of yeast 
strains were induced to express the SSTR2 as described in 
Materials and Methods and were plated in SC Galactose (2 %)- 
ura, trp, his agar medium (2 x 10< cells/ml). Sterile 
filter disks were placed on the surface of the solidified 
agar and saturated with 10 ul of sterile water containing 
the indicated amounts of S-14. The plates were then 
incubated at 30°C for 3 days. (A) MPY459 sst2AADE2 

msg5ALEU2, (B) MPY458 SST2 msg5ALEU2, (C) LY288 SST2 MSG5, 
(D) LY268 sst2AADE2 MSG5. 

FIGURE 25 (A&B) . Growth of yeast in response to 
GRF receptor agonists. CY990 cells cultured as described in 
Materials and Methods were plated in SC Galactose (2 %)-ura, 
trp, his agar medium (2 x 10* cells/ml) . Sterile filter 
i disks were placed on the surface of the solidified agar and 
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saturated with 10 ul of sterile water containing 20 nmol of 
the indicated compounds. The plates were then incubated at 
30°C for 3 days. (A) hGRF (1-29) -NH 2/ (B) hGRF (1-29), (D- 
arg 2 ) -hGRF ( 1-29) . 

FIGURE 26 (A&B) . Effect of STE50 overexpression 
on SSTR2 bioassay. Assay medium and yeast strains were 
prepared as described in Materials and Methods. Plate A 
contains the STE50 overexpression strain CY560; plate B 
contains the control strain CY562. Filter discs saturated 
with solutions of the following peptides were applied to 
each plate: 1 mM yeast a pheromone (lefthand center), 1 
ug/ml somatostatin-14 (righthand top), 100 ug/ml 
somatostatin- 14 (righthand bottom) . Plates were incubated 
at 30° C for 3 days. 

FIGURE 27 (A&B) . Bioassay of compounds with 
somatostatin receptor and/or antagonist properties. LY364 
cells were plated in SC Galactose (2 %)-ura, trp, his agar 
medium (2 x 10< cells/ml). For assay of antagonists, 
somatostatin (20 nM S-14) was added to the molten agar prior 
to pouring. Sterile filter disks were placed on the surface 
of the solidified agar and saturated with 10 ul of sterile 
water containing test compounds. The plates were then 
incubated at 30°C for 3 days (Left) Assay for somatostatin 
agonists. Somatostatin (S-14) was applied to positions on 
the bottom row, left side (6 nmol, 600 pmol, 60 pmol, 600 
pmol), (Right) Assay for somatostatin antagonists. 
Somatostatin (S-14) was applied to positions on the bottom 
row, left side (6 nmol, 600 pmol, 60 pmol, 600 pmol) . 

FIGURE 28 (A&B) Fusion of STE2 sequences to the amino 
terminal of SSTR2 reduces signaling effeciency in response 
to somatostatin. LY268 and LY322 cells were plated in SC 
Galactose (2 %)-ura, trp, his agar medium (2 x 10< cell/ml) . 
Sterile filter disks were placed on the surface of the 
solidified agar and saturated with 10 ul of somatostatin (S- 
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14, The plates were then incubated at 30*C for 3 days. 
(A)*LY268. S-14 was applied to filter disks clockwise from 
the top: carrier, 60 nmol, 6 nmol, 600 pmol, 60 pmol, 6 
pmol (B) LY322. S-14 was applied to filter disks 
clockwise from the top: 0.6 pmol, carrier, 60 nmol, 6 nmol, 
600 pmol, 60 pmol, 6 pmol. 

Detailed Description of the Invention 

Nucleotide bases are abbreviated herein as follows: 
A-Adenine G-Guanine 
C-Cytosine T-Thymine 

U-Uracil (sometimes herein abbreviated as "ura") 

Amino acid residues are abbreviated herein to 
either three letters or a single letter as follows: 



Ala; 


A- Alanine 


Leu; 


L-Leucine 


Arg; 


R-Arginine 


Lys; 


K-Lysine 


Asn; 


N-Asparagine 


Met; 


M-Methionine 


Asp; 


D-Aspartic acid 


Phe; 


F- Phenylalanine 


Cys, 


•C-Cysteine 


Pro, 


■P-Proline 


Gin 


?Q-Glutamine 


Ser, 


r S-Serine 


Glu 


;E-Glutamic acid 


Thr 


. T-Threonine 


Gly 


;G-Glycine 


Trp 


; W-Tryptophan 


His 


;H-Histidine 


Tyr 


; Y-Tyrosine 


He 


;I«Isoleucine 


Val 


;V- Valine 



The terms "DNA" and "nucleotide sequence" are used 
interchangably and are meant to include all forms of linear 
polymers comprising nucleotide bases, without limitation, 
including RNA when appropriate. 

The term "mammalian" as used herein refers to any 
mammalian species (e.g. human, mouse, rat, and monkey) . 

The term "heterologous" is used herein wxth 
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respect to yeast, and hence refers to DNA sequences, 
proteins, and other materials originating from organisms 
other than yeast (e.g., mammalian, avian, amphibian, insect, 
plant), or combinations thereof not naturally found in 
yeast . 

The term "upstream" and "downstream" are used 
herein to refer to the direction of transcription and 
translation, with a sequence being transcribed or translated 
prior to another sequence being referred to as "upstream" of 
the latter. 

Any G protein-coupled receptor, or portions 
thereof, as well as the nucleotide sequences encoding same, 
may be employed in practicing the present invention. 
Examples of such receptors include, but are not limited to, 
adenosine receptors, somatostatin receptors, dopamine 
receptors, cholecystokinin receptors, muscarinic cholinergic 
receptors, ec-adrenergic receptors, p-adrenergic receptors, 
opiate receptors, cannabinoid receptors, growth hormone 
releasing factor, glucagon, and serotonin receptors. The 
term receptor as used herein is intended to encompass 
subtypes of the named receptors, and mutants and homologs 
hereof, along with the nucleotide sequences encoding same. 
One skilled in the art will also understand that in some 
instances, it may not be necessary that the entire receptor 
be expressed to achieve the purposes desired. Accordingly, 
the term receptor is meant to include truncated and other 
variant forms of a given receptor, without limitation. 

Any DNA sequence which codes for a Ga subunit (Ga) 
may be used to practice the present invention. Examples of 
Go subunits include, but are not limited to Gs subunits, Gi 
subunits, Go subunits, Gz subunits, Gq, Gil, G16 and 
transducing subunits. G proteins and subunits useful for 
practicing the present invention include subtypes, and 
mutants and homologs thereof, along with the DNA sequences 
encoding same. 
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One skilled in the art will understand from the 
teachings as presented herein that the G proteins useful in 
the constructs and yeast cells of the present invention may 
comprise neterologous G« subunits, yeast G« subunits, or 
chimeric yeast/neterologous versions. One can easily 
determine which configuration is best suited for adequate 
coupling to a particular heterologous receptor by simply 
constructing vectors as taught herein and measuring the 
signaling of ligand binding in response to a given assay, 
in certain preferred embodiments, Go 12 is the Ga subunit of 
choice, particularly when the heterologous G coupled protein 
is all or a portion of a somatostatin receptor. It is 
particularly preferred in this instance that the G« i2 subunit 
be coupled to a yeast GjJ Y complex. Certain chimeric 
constructs may also provide enhanced signal transduction 
with regard to particular heterologous receptors. 
Particularly preferred is a chimeric construct formed from 
fusion of the amino terminal domain of yeast GPA1/SCG1 with 
the carboxy terminal domain of a heterologous Ga t , Ga 3 , and 

especially Ga i2 • 

Any DNA sequence which codes for a Gp Y subunit 
(GpY) may be used to practice the present invention. G 
proteins and subunits useful for practicing the present 
invention include subtypes, and mutants and homologs 
thereof, along with the DNA sequences encoding same. The 
host cells may express endogenous Gp Y , or may optionally be 
engineered to express heterologous Gp Y (e.g., mammalian) in 
the same manner as they would be engineered to express 

heterologous Go. 

Heterologous DNA sequences are expressed in a host 

by means of an expression "construct" or "vector". An 

expression vector is a replicable DNA construct in which a 

DNA sequence encoding the heterologous DNA sequence is 

operably linked to suitable control sequences capable of 

affecting the expression of a protein or protein subunit 
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coded for by the heterologous DNA sequence in the intended 
host. Generally, eukaryotic control sequences include a 
transcriptional promoter, however, it may be appropriate 
that a sequence encoding suitable mRNA ribosomal binding 
5 sites be provided, and (optionally) sequences which control 

the termination of transcription. Vectors useful for 
practicing the present invention include plasmids, viruses 
(including bacteriophage), and integratable DNA fragments 
in U * e " £ra 9»«*ts integratable into the host genome by 

10 genetic recombination). The vector may replicate and 

function independently of the host genome, as in the case of 
a plasmid, or may integrate into the genome itself, as in 
the case of an integratable DNA fragment. Suitable vectors 
will contain replicon and control sequences which are 
derived from species compatible with the intended expression 
host. For example, a promoter operable in a host cell is 
one which binds the RNA polymerase of that cell, and a 
ribosomal binding site operable in a host cell is one which 
bands the endogenous ribosomes of that cell. 

DNA regions are operably associated when they are 
functionally related to each other. For example: a promoter 
is operably linked to a coding sequence if it controls the 
transcription of the sequence; a ribosome binding site is 
operably linked to a coding sequence if it is positioned so 
as to permit translation. Generally, operably linked means 
contiguous and, in the case of leader sequences, contiguous 
and in reading phase. 

Transformed host cells of the present invention 
are cells which have been transformed or transfected with 
the vectors constructed using recombinant DNA techniques and 
express the protein or protein subunit coded for by the 
heterologous DNA sequences. A variety of yeast cultures, 
and suitable expression vectors for transforming yeast 
cells, are known. See e.g., U.S. Patent No. 4,745,057; U.S 
Patent No. 4,797,359; U.S. Patent No. 4,615,974; U.S. Patent 
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~ ^ ^4. a 1M 844; and U.S. Patent 

/ q«o 7^4* U S. Patent No. 4, /±±,ohh, a.*.^ 

used among the ye-, .£^»^ f ° . ^tent Z. 

4l . ' \ . „„ 231 (pichia pastoris and expression 
therefore); 4,855,231 (Ficnia ^ ,„„h»1oo£ 
vectors therefore) . Yeast vectors may contain » or 1? » of 
replication from the endogenous 2 micron yeast plasmid or an 
autonomously replicating seance (AKS, which confers on the 
plasmid the ability to replicate at high copy number in the 
veast cell, centromeric (CEN) sequences which limit the 
ZHtyot the plasmid to replicate at only low copy number 
S tL yeast cell, a promoter. DNA encoding the heterologous 
» sequences, sequences for polyadenylation and 
transcription termination, and a selectable ^J e ^ 
Exemplary plasmids and detailed of materials and methods for 
m^ng abusing same are provided in the Examples section 

any promoter capable of functioning in yeast 
systems may be selected for use in the constructs and cells 
of the present invention. Suitable promoting sequences in 
yeast vectors include the promoters for metallothionein 3- 
phosphoglycerate kinase IMI [Hitzeman et al. 980) 
t „, „l chem 255, 2073] or other glycolytic enzymes i (Hess 
et at ; (1768, a Adv. Enzyme Reg. 7, 149,; and Holland et 
et aA " 1 ^ . _ n /loom such as enolase, 

al (1978) Biochemistry 17, 490U], sucn 

glyceraldehyde-3-phosphate dehydrogenase, 
pyruvate, decarboxylase.phosphof ructoxinase 9= 
Phosphate isomerase, 3- phosphoglycerate mutase, pyruvate 
kinS triphosphate isomerase, phosphoglucose isomerase, 
and g ucoxinase. Suitable vectors and promoters for use in 
vetst expression are further described in R. Hitzeman et 
al EPOPubln. No. 73,657. other promoters, which have the 
additional advantage of transcription contro lied 1 by growth 
conditions, are the promoter regions 
dehydrogenase, 1,2,-isocytochrome C, acid phosphates. 
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degradative enzymes associated with nitrogen metabolism, and 
the aforementioned metallothionein and glyceraldehyde-3- 
phosphate dehydrogenase, as well as enzymes responsible for 
maltose and galactose utilization, such as the galactose 
inducible promoter, GALl. Particularly preferred for use 
herein are the PGK, GALl, and alcohol dehydrogenase (ADH) 
promoters. Finally, in constructing suitable expression 
plasmids, the termination sequences associated with these 
genes may also be ligated into the expression vector 3' of 
the heterologous coding sequences to provide polyadenylation 
and termination of the mRNA. In preparing the preferred 
expression vectors of the present invention, translational 
initiation sites are chosen to confer the most efficient 
expression of a given nucleic acid sequence in the yeast 
cell [see Cigan, M. and T.F. Donahue 1987, GENE, Volume 59, 
pp. 1-18, for a description of suitable translational 
initiation sites] . 

A particularly preferred nucleotide expression vector 
useful for carrying out the present invention comprises such 
an aforementioned promoter sequence, positioned upstream to 
the translational initiation site of the heterologous 
nucleotide sequence encoding for the heterologous G protein 
coupled receptor it is desired to express, and in correct 
reading frame therewith. Particularly preferred promoters in 
this regard are the GALl, PGK, and ADH promoters. 
Positioning of the aforementioned promotor upstream to the 
chosen translational initiation site may enhance expression 
of a heterologous protein. In these preferred embodiments, 
no yeast G protein coupled receptor segment is fused to the 
heterologous G protein coupled receptor segment. The 
present inventors have discovered that such hybrid receptors 
are not critical to achieve receptor expression in yeast. 
This is contrary to the art accepted teaching in this regard 
[see King, et al. cited infra]. 

In certain other embodiments however, at least a 
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fragment of the 5 '-untranslated region of a yeast gene is 
positioned upstream from the heterologous G protein coupled 
segment and operatively associated therewith. To that end, 
the present invention also provides constructs having 
suitable promoters and translational initiation sites as 
described above, but these constructs include a yeast 
segment comprising at least a fragment of the extreme amino- 
terminal coding nucleotide sequence of a yeast G protein- 
coupled receptor and a second segment downstream from said 
first segment and in correct reading frame therewith, the 
second segment comprising a nucleotide sequence encoding a 
heterologous G protein-coupled receptor. The yeast segment 
in this regard may be provided to actually act as a reporter 
sequence, rather than to serve to enhance effective 
expression of the heterologous G protein in the yeast 
system Thus, certain embodiments comprise a gene sequence 
encoding a yeast segment of a yeast G protein-coupled 
receptor, that acts as a reporter segment, in that it 
encodes a peptide that may be detected through conventional 
means, such as antibody binding, and the like. Preferred m 
this regard is all or a portion of a yeast pheromone 
receptor fused to a heterologous G protein coupled receptor, 
which may be used primarily as an "epitope tag" for the 
highly specific detection of expression of the desired 
heterologous receptor using antibodies directed specifically 
to the epitope sequence expressed. In constructing such a 
vector, the yeast segment may be positioned upstream to the 
heterologous protein, or alternatively, a fragment of the 
extreme amino- terminal coding sequence of the heterologous 
G protein-coupled receptor may be deleted, and the yeast 
segment fused directly thereto. In some cases, one or more 
of the amino terminal transmembrane domains or intracellular 
domains of the heterologous protein are deleted. 
Alternatively, the yeast segment may be added directly to 
the amino terminus of the heterologous receptor, thereby 
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elongating the overall chimeric receptor construct. 

The first and second segments are operatively 
associated with a promoter, such as the GAL1 promoter, which 
is operative in a yeast cell. Coding sequences for yeast G 
protein-coupled receptors which may be used in constructing 
such vectors are exemplified by the gene sequences encoding 
yeast pheromone receptors (e.g., the STE2 gene, which 
encodes the a-factor receptor, and the STE3 gene, which 
encodes the a-factor receptor) . 

Certain preferred chimeric receptors provided 
herein comprise a yeast Ste2 protein segment fused directly 
to all or a portion of a heterologous G protein receptor, 
and preferably, the 5HTla receptor, muscarinic receptor, <e- 
adrenergic receptor, or a somatostatin receptor. 

Any of a variety of means for detecting the 
effects of ligand binding can be utilized. For example, 
measurement of the disassociation of Ga from G$y can be made 
through conventional biochemical techniques. However, it 
should be noted that the binding of ligand to a receptor may 
either trigger or block a detectable biological response, 
which may also lend itself to measurement. One such 
biological response is the ability of yeast cells to mate. 
Use of the pheromone induced mating signal transduction 
pathway is a preferred method of detecting the effects of 
ligand binding in the assay systems herein presented, the 
basic premise of which is discussed in more detail, as 
follows . 

G protein-coupled pheromone receptors in yeast 
control a developmental program that culminates in mating 
(fusion) of a and a haploid cell types to form the a/a 
diploid (for a review, see G.F. Sprague, Jr. and J. W. 
Thorner, in the Molecular Biology and Cellular Biology of 
the Yeast Saccharomyces : volume II, Gene Expression) . The 
process of mating is initiated by extracellular peptides, 
the mating pheromones. Cells of the a mating type secrete 
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a-factor, which elicits a response in a-cells; cells of the 
o-mating type secrete a-factor which acts only on a cells. 
Haploid cells respond to the presence of the peptide mating 
pheromones through the action of endogenous G protein- 
coupled pheromone receptors (STE2: the o- factor receptor, 
expressed only in a cells and STE3: the a-factor receptor 
expressed only in a-cells). Both receptors interact with 
the same heterotrimeric G proteins and a signal transduction 
cascade that is common to both haploid cell types. Upon 
pheromone-binding to receptor, the receptor presumably 
undergoes a conformational change leading to activation of 
the G protein. The o-subunit, SCG1/GPA1, exerts a negative 
effect on the pheromone response pathway, which is relieved 
by receptor-dependent activation. The complex of Py 
subunits (STE4, STE18) is thought to transmit the positive 
signal to an effector, possibly STE20, a putative protein 
kinase [ Leber er, E., Dignard, D . , Harcus, D., Thomas, D.Y., 
Whiteway, M. (1992) EMBO J. 11, 4815-4824]. The effector in 
turn activates downstream elements of the signal 
transduction pathway which include STE5, and a presumptive 
protein kinase cascade composed of the products of the 
STE11, STE7, FUS3 and KSS1 genes, eventually resulting in 
cell cycle arrest and transcription induction. The primary 
interface between elements of the pheromone response pathway 
and cell cycle regulatory machinery is the FAR! gene 
product. Certain recessive alleles of FAR1 and FUS3 fail to 
undergo cell cycle arrest in response to pheromone, while 
permitting pheromone dependent transcription to occur. 
Pheromone-dependent transcription is mediated through the 
action of the sequence-specific DNA-binding protein STE12. 
Activation of STE12 results in transcription of genes 
possessing a cis-acting DNA sequence, the pheromone response 
element. These pheromone responsive genes encode products 
that are required for pheromone synthesis (MFal, MFa.2 , MFAl, 
MFA2, STE6, STE13) and the response to pheromone ( STE2 , 
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STE3, SCG1/GPA1, FUS3) , facilitate or participate in cell 
association and fusion (FUS1) , cell cycle arrest (FAR1) , and 
the morphological events required for mating. In the event 
that the mating process is not consummated, yeast cells 
become adapted to the presence of pheromone and resume 
mitotic growth. Thus, in certain preferred embodiments, the 
FUS3 or FAR1 gene is mutated or deleted altogether, thereby 
disconnecting the cell cycle arrest pathway from the signal 
transduction pathway, and allowing continued growth of the 
cells in response to mating pheromone binding to the 
heterologous receptor. Since FAR1 is a primary factor in 
the cell cycle regulatory pathway, its deletion or mutation 
is preferred in the expression constructs of the present 
invention. Yeast cells transformed with such constructs 
yield superior yeast strains for ligand-binding assays. 

The mating signal transduction pathway is known to 
become desensitized by several mechanisms including 
pheromone degradation and modification of the function of 
the receptor, G proteins and/or downstream elements of the 
pheromone signal transduction by the products of the SST2, 
STE50, AFR1 [Konopka, J.B. (1993) Mol. Cell. Biol. 13, 6876- 
6888] and SGV1, MSGS, and SIG1 genes. Selected mutations in 
these genes can lead to hypersensitivity to pheromone and an 
inability to adapt to the presence of pheromone. For 
example, introduction of mutations that interfere with 
function into strains expressing heterologous G protein- 
coupled receptors constitutes a significant improvement on 
wild type strains and enables the development of extremely 
sensitive bioassays for compounds that interact with the 
receptors. Other mutations e.g. STE50 r sgvl, ste2, ste3, 
pikl, msg5, sigl, and afrl, have the similar effect of 
increasing the sensitivity of the bioassay. One skilled in 
the art will understand that increased sensitivity of the 
assay systems is attained through deletion of one or more of 
these aforementioned genes, introduction of mutations that 
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down-regulate their expression, or in certain instances, 
effecting their overexpression. For example, in the STE50 
construct, overexpression of the gene is desired, not 

deletion of the gene. 

Introduction of a constellation of mutations in 
the mating signal transduction pathway results in a yeast 
cell well suited to expression of heterologous G protein- 
coupled receptors, which are able to functionally respond to 
their cognate ligands, while providing a biological response 
that signals the binding of the receptor to the ligand. 

In conjunction with one or more of the above- 
referenced mutations, a particularly convenient method for 
detecting ligand-binding to heterologous receptor expressed 
in yeast cells is to utilize a conventional genetic 
indicator system. Thus, in certain preferred embodiments, 
the cells are provided with an additional heterologous 
nucleotide sequence, comprising a pheromone-responsive 
promoter and an indicator gene positioned downstream from 
the pheromone-responsive promoter and operatively associated 
therewith. With such a sequence in place, the detecting 
step can be carried out by monitoring the expression of the 
indicator gene in the cell. Any of a variety of pheromone 
responsive promoters could be used, examples being promoters 
driving any of the aforementioned pheromone responsive genes 
(e.g. mFal, mFa2, MF&l, MFA2, STE6, STE13) , the BARl gene 
promoter, and the FUS1 gene promoter. Likewise, any of a 
broad variety of indicator genes could be used, with 
examples including the HIS3, G418r, UBA3, LYS2, CAN1 f CYH2, 
and LacZ genes . A particularly preferred reporter gene 
construct is utilized by fusing transcription control 
elements of a FUSl gene to HIS 3 protein coding sequences, 
and replacing the original FUSl gene with this reporter 
construct. Expression of the HIS3 gene product is thereby 
placed under the control of the pheromone signal 
transduction pathway. Yeast strains {his3) bearing this 
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construct are able to grow poorly on supplemented minimal 
medium lacking histidine, and are sensitive to an inhibitor 
of the HIS3 gene product. In other preferred embodiments, 
plasmids carry a FUSl-lacZ gene fusion. Expression of the 
FUS1 gene is stimulated in response to receptor activation 
by binding of pheromone. Therefore, signal transduction can 
be quantitated by measuring p-galactosidase activity 
generated from the FUSl-lacZ reporter gene. 

Other useful reporter gene constructs, still under 
the control of elements of the pheromone signal transduction 
pathway, but alternative to the above-discussed reporter 
systems, may involve signals transduced through other 
heterologous effector proteins that are coexpressed. For 
example, 1) ligand-dependent stimulation of a heterologous 
adenylylcyclase may permit a yeast strain lacking its own 
adenylylcyclase due to mutation in the cdc35 gene to 
survive, 2) ligand-dependent stimulation of a heterologous G 
protein-coupled potassium channel may permit a yeast strain 
unable to grow in medium containing low potassium 
concentration [(trkl, trk2) , for example, see Anderson, J. A. 
et al (1992) ( Proc. Natl. Adad. Sci. USA 89, 3736-3740] to 
survive, or 3) ligand-dependent stimulation of a 
heterologous phospholipase C (especially PLC-P) may permit 
a yeast strain lacking its own PLC [ (pic) , for example, see 
Payne, W.E. and Fitzgerald-Hayes, M. (1993) Mol. Cell Biol. 
13,4351-4363] to survive. 

Any DNA sequence which codes for an 
adenylylcyclase may be used to practice the present 
invention. Examples of adenylylcyclase include the product 
of the D. melanogaster Rutabaga gene and the mammalian 
subunit types I-VIII [for review see, Tang, W.-J, and 
Gilman, A.G. (1992) Cell 70, 869-872], and mutants and 
homologs thereof, along with the DNA sequences encoding 
same, which are useful for practicing the present invention. 

Any DNA sequence which codes for a G protein-gated 
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potassium channel may be used to practice the present 
invention. Examples of G protein-coupled potassium channel 
include GIRKl [Kubo, Y. Reuveny, E., Slesinger, P.A., Jan, 
Y.N., and Jan, L.Y. (1992) Nature 365, 802-806], subunits 
useful for practicing the present invention, and mutants and 
homologs thereof, along with the DNA sequences encoding 
same . 

Any DNA sequence which codes for a phospholipase 
protein may be used to practice the present invention. 
Examples of phospholipase (PLC) proteins include the D. 
melanogaster norpA gene product and the PLC-p proteins [for 
review, see Rhee, S.G., and Choi, K.D. (1992) J. Biol. Chem. 
267, 12392-12396], subunits useful for practicing the 
present invention, and mutants and homologs thereof, along 
with the DNA sequences encoding same. 

A particularly preferred yeast expression system 
is described herein, having yeast cells bearing SSTR and 
chimeric G-protein, and dependent upon the presence of 
somatostatin for continued growth. As noted above, 
transformed host cells of the present invention express the 
proteins or protein subunits coded for by the heterologous 
DNA sequences. When expressed, the G protein-coupled 
receptor is located in the host cell membrane (i.e., 
physically positioned therein in proper orientation for both 
the stereoselective binding of ligands and for functional 
interaction with G proteins on the cytoplasmic side of the 
cell membrane) . Implementation of the sensitive and 
specific yeast expression system described herein will 
facilitate description of structural and functional aspects 
of receptor-ligand and receptor-G protein interactions. 
Powerful genetic selection schemes, made possible by 
modification of elements of the mating signal transduction 
pathway, may be employed to identify aspects of the receptor 
that have effects on agonist selectivity, ligand stereo 
selectivity, and determinants of agonist/antagonist binding. 
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The role of proteins that modify the response of receptors 
and G proteins to ligand may be worked out in detail with 
the assistance of this powerful genetic system. 
Importantly, the system provides a generalized approach to 
the study of the functioning and components of the G 
protein-coupled signal transduction system, as well as a 
generalized approach to screening assays utilizing the G 
protein coupled signal transduction system. The present 
invention provides expression constructs and assay systems 
adapted to receive any of a variety of heterologous G 
protein coupled receptors, in the form of "expression 
cassettes". The heterologous G protein-coupled receptor it 
is desired to study is simply inserted into the vectors 
herein provided, and expressed in yeast cells. Ligands that 
may bind to the expressed receptor are allowed to come into 
contact with the cells in any conventional assay manner, and 
the effects of the interaction are easily monitored. The 
systems presented herein thus provide tremendous utility in 
the identification of ligands for orphan G protein-coupled 
receptors and for discovering novel therapeutically useful 
ligands for receptors of medical, veterinary, and 
agricultural importance. 

The following Examples are provided to further 
illustrate various aspects of the present invention. They 
are not to be construed as limiting the invention. 

EXAMPLE 1 

Functional expression of mammalian 6 a 
proteins in Saccharomyces cejrevi.si.ae. 

A sensitive bioassay is utilized to measure 
interference of yeast Ga and GPy interactions by expression 
of heterologous Ga proteins. Mammalian Ga genes are 
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expressed from 2u or centromere-bearing plasmids under the 
control of the constitutive PGK or the inducible CUP1 
promoter. The data demonstrates that the rat Ga 3 , Ga 12 , and 
chimeric yeast/mammalian Ga can effectively interact with 
yeast GPy- 

Media and Strains. Growth of bacterial strains 
and plasmid manipulations are performed by standard methods 
(Maniatis T . , Molecular Cloning, (Cold Spring Harbor 
Laboratory Press, 1982) . Growth and transformation of yeast 
strains are performed as described in Rose et al. (Rose 
M.D., Methods in yeast genetics, Cold Spring Harbor 
Laboratory Press, 1990) . The yeast strains used in these 
studies (CY414, MATa ura3-52 trpl leu2 h±s3 pep4: :HIS3) 
originate from strains described by E.Jones (Jones, E.W., 
Ann,. Rev. Genet 18:233, 1984). CY414 is sequentially 
transformed with the FUSl-lacZ fusion plasmid pSB234 
(Trueheart J., et alMol. Cell. Biol. 7(7): 2316-2328, 1987) 
and Go expression plasmids. 

Construction of 6 a expression plasmids. Rat cDNA 
clones for Ga s and Go i2 and for fusions with the yeast SCG1 
gene are described elsewhere [Kang, Y.-S., Kane, J., Kurjan, 
J., Stadel, J.M., and Tipper, D.J. (1990) Mol. Cell. Biol. 
10, 2582-2590] . To express these genes from low- copy-number 
plasmids, Xhol-Sall fragments containing each expression 
cassette (including the PGK promoter and terminator 
sequences) are isolated and cloned into the CEN plasmid 
pRS414 digested with Xhol. For inducible expression, the 
DNA segment containing PGK promoter sequences are replaced 
with upstream activating sequences form the CUP1 gene. 

p-galactosidase assays. Cultures are diluted to 
5xl0 7 cells/ml and aliquotted into separate tubes. 
Pheromone is added to a final concentration of 10-*M to one 
sample. Cultures are then incubated for 4 hrs at 30°C. 
Subsequent measurement of p-galactosidase activity is 
conducted as described elsewhere (Rose M.D., Cold Spring 
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Harbor Laboratory Press , 1990) . 

High and low-copy-number plasmids carrying the 
yeast SCG1 or mammalian Ga s or Ga t or chimeric 
yeast/mammalian Ga genes expressed from the yeast PGR 
promoter are transformed into a wild-type yeast strain also 
containing a plasmid carrying a FUSl-lacZ gene fusion. 
Expression of the FUS1 gene is stimulated in response to 
receptor activation by binding of pheromone. Therefore, 
signal transduction can be quantitated by measuring p- 
galactosidase activity generated from the FUSl-lacZ reporter 
gene. Interference of normal signal transduction by 
expression of a heterologous Ga protein is observed as a 
decrease in p-galactosidase activity. 

Strains expressing introduced Ga genes arie assayed 
for pheromone-induced gene activation. Data are represented 
as percent of wild-type response in Figure 1. Expression 
from all Ga plasmids reduced FUSl-lacZ expression levels 
demonstrating that the Ga proteins functionally coupled to 
yeast GPy- A dose dependence was observed for Scgl, Gas and 
Ga i2 . Expression from high-copy-number plasmids greatly 
reduces signaling suggesting that a large excess of 
heterologous Ga protein is present. The Scg-Gai2 chimeric 
protein reduces signaling to near the unstimulated 
background levels even from the low-copy-number plasmid. 
Other CEN expression plasmids reduce signaling to 53 to 84% 
of wild-type levels. 

To achieve more precise control of Ga expression 
and reduce expression to a level sufficiently low that 
minimal effects on pheromone induced signaling will occur, 
Ga genes (except Gas) are placed under the control of the 
inducible CUP1 promoter and transformed into yeast on low- 
copy-number plasmids. The level of signaling repression 
mediated by these plasmids is dependent on the concentration 
of Cu++4 added to the medium (Figure 2) . However, basai 
expression (no Cu++4 added) was equivalent to levels 



WO 95/21925 




PCT/US95/02075 



28 

observed from the PGK promoter (Figure 1) . As in the 
previous experiment, the 5CG-Gai2 chimeric protein reduces 
signaling to almost background levels. 

The data presented in Figures 1 and 2 indicates 
that all Ga expression plasmids examined produce functional 
Ga proteins in that all inhibit the signal transduction 
pathway. Using a constitutive promoter (PGK) , most Ga genes 
exhibit a dose-dependent effect with high-copy-number 2 
micron plasmids drastically reducing signaling (Figure 1) • 
Lower expression from CEN plasmids reduce signaling levels 
as little as 16% (See G i# Figure 1) . Expression of the Ga 
genes from the CUP1 promoter shows expected dose/response 
effects with reduced signaling correlated to increased Cu++ 
concentrations (Figure 2) . 



EXAMPLE 2 

Pharmacological evaluation of heterologous 
6 protein-coupled receptors expressed 
in Saccharamyces cerevlslae 

Yeast strains. Growth and transformation of yeast 
strains are performed as described (Rore, M.D., Methods in 
Yeast Genetics, Cold Spring Harbor Laboratory Press, 1990) . 
The yeast strains used in these studies (CY414; MATa ura3-52 
trpl leu2 his3 pep4AHIS3) originate from strains described 
by E. Jones (Jones, E. W., Ann. Rev. Genet, 18:233, 1984). 

Nucleic acid manipulation. Growth of bacterial 
strains and plasmid manipulations are performed by standard 
methods [Sambrook, J., Fritsch, E.F., and Maniatis, T., 
Molecular Cloning, 2nd ed. (Cold Spring Harbor Laboratory 
Press, 1989) ] . DNA sequencing is performed by high 
temperature cycle sequencing (Applied Biosystems) . 

Protein analysis. Receptor expression strains are 
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grown in synthetic complete medium lacking specific 
nutrients to select for plasmid retention and containing 3% 
galactose to induce receptor gene expression. Cells are 
peileted and washed in lysis buffer (10 mM sodium 
bicarbonate, pH 7.2, 1 mM EGTA, 1 mM EDTA) then resuspended 
in lysis buffer plus protease inhibitors (5 pg/ml leupeptin, 
10 pg/ml benzamidine, 10 yg/ml Bacitracin, 5 pg/ml 
pepstatin, 5 jig/ml aprotinin) and lysed by physical 
disruption with glass beads. Debris is removed by 
centrifugation at 1000 X g for 10 min. The membrane 
fraction is isolated by centrifugation at 100,000 X g for 10 
min. This pellet is washed once in lysis buffer plus 
inhibitors. Polyacrylamide gel electrophoresis of yeast 
extracts is performed by standard methods except without 
boiling of samples. Proteins are transferred to Immobilon-P 
millipore filters by the semi-dry technique. Receptor 
protein is visualized using ECL reagents with rabbit anti- 
Ste2 antibodies. 

Radioligand binding assays. Reactions are 
performed in a volume of 0.2 pi with 5 to 50 pg of protein. 
Binding assays for 5HTla receptor or p2-adrenergic receptor 
ligands use buffer of 50 mM Tris, pH 7.4, 10 mM MgCl 2 . 
Somatostatin binding is performed in a buffer of 50 mM 
HEPES, pH 7.4, 5 mM MgCl 2 . After allowing ligand binding to 
reach equilibrium at room temperature, membrane fractions 
are isolated on GFC glass fiber filters. The following 
final concentrations of ligands are used: radioligands- 3 !! 
spiperone, 80 nM; 125 I-cyanapindolol, 250 pM; [ l25 I-tyr n ]~ 
somatostatin 14, 250 pM; competitors-serotonin, 10 pM; 
propranolol, 20 pM somatostatin 14, 1 pM. The guanosine 
triphosphate analog Gpp(NH)p is used at 100 pM. 

Expression of the human SHTla serotonergic 
receptor. The gene encoding the human SHTla receptor is 
modified to add the first 14 amino acids of the yeast Ste2 
protein, cloned into the expression plasmid pMP3 and, 
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designated pCHIll. This strain, designated CY382, is grown 
in medium containing galactose to induce receptor 
expression, fractioned and tested for receptor activity by 
binding of the radiolabeled antagonist 3 H-spiperone . 
5 Saturation binding demonstrates that the receptor is 

expressed at high levels (Bmax = 3.2 pmol/mg protein) and 
that it binds spiperone with an affinity (Kd = 115 nM; 
Figure 3) similar to that observed in mammalian tissues (Kd 
- 20 to 100 nM) . 

10 Two chimeric receptor genes are engineered; in 

pCH117, sequences encoding the N-terminus including the 
first two transmembrane domains of the 5HTla receptor are 
replaced with the corresponding sequences of the Ste2 
receptor, and in pCH118, these Ste2 sequences are added 

15 directly to the N-terminus of the 5HTla receptor to create 

a novel nine-transmembrane-domain receptor (Figure 4) . 
Strains expressing these receptors are examined for binding 
of radiolabeled ligand. Both receptors demonstrate 
specific binding of the 5HT receptor antagonist 3 H-spiperone 

20 (Figure 4) . Replacement of the first two transmembrane 

domains with those of an unrelated receptor does not 
apparently affect binding of this ligand. Addition of 
transmembrane domains do not effect binding, suggesting that 
this unusual receptor can attain a functional conformation 

25 in the cell membrane. Strains carrying pCHIll, pCHI17, or 

pCHI18 produce Bmax values of 3.1, 1.6, or 0.7 pmol/mg, 
respectively. Although these chimeric receptors produce 
interesting results regarding receptor structure, they do 
not enhance overall levels of functional receptors in the 

30 cell. 

All intracellular sequences of the 5HTla receptor 
are replaced with corresponding sequences of the yeast Ste2 
protein to directly couple the receptor to the yeast G 
protein. The resultant chimeric receptor, CHI16, is 
35 expressed in a wild-type yeast strain and examined for high 
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affinity binding of 5HTla receptor agonists. Agonist 
binding is not detected. However, the level of 

radiolabelled spiperone binding is equal to CHI11, 
indicating that this receptor is expressed at high levels 
5 and in a functional conformation. 

Expression of the human p2 -adrenergic receptor. 
The human adrenergic receptor is expressed in yeast with the 
intention of using it as a model to optimize expression and 
G protein coupling. A yeast strain expressing the receptor 

10 is examined by Scatchard analysis for binding of the ligand 

125 I-cyanopindolol. Binding is saturable and demonstrated a 
Kd (23 pM) , similar to that reported in mammalian tissues. 
Strains with or without coexpressed Gas are then examined in 
competition assays in which binding of this radioligand is 

15 competed with the agonists isoproterenol or epinephrine. 

High affinity binding, which is only expected to occur if 
the receptor is actively coupled to G protein, was observed 
in both strains (Figures 5 and 6) . The extrapolated Ki 
values for these ligands (isoproterenol =10 nM; epinephrine 

20 =60 nM) are consistent with affinities observed in mammalian 

tissues and exhibit the expected order of potency. However, 
other data suggest that the high affinity binding of 
agonists to the p2-adrenergic receptor in yeast is anomalous 
and not a result of coupling to G protein. In particular, 

25 the third intracellular loop (containing the primary Ga 

contact points) of the p2-adrenergic receptor is replaced 
with the corresponding domain of the yeast Ste2 receptor. 
This receptor exhibits the same affinities for adrenergic 
agonists suggesting that the P2-adrenergic receptor takes on 

30 an inappropriate conformation in yeast. 

Expression of rat somatostatin receptor. High 
affinity binding of somatostatin to SSTR2 is dependent on 
formation of a receptor/G protein complex (Strnad et al, 
1993) . When SSTR2 and G protein are uncoupled from each 

35 other, high affinity binding of [ 125 I] tyr u S-14 is attenuated. 
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As shown in Figure 8, binding of [ 125 I] tyr»S-14 to SSTR2 
expressed in yeast coexpressing Scgl/G 8i2 is saturable and of 
high affinity. The calculated K, of [ 125 I] tyr»S-14 binding 
SSTR2 expressed in yeast is 600 pM. Similar binding 
affinities are observed when G Bi2 is coexpressed with SSTR2 
rather than Scgl/G Bi2 . The observed in yeast is in close 
agreement to the calculated K, of [ 125 I] tyr»S-14 binding of 
SSTR2 expressed in mammalian cells (Strnad et al., 1993). 
It is demonstrated that addition of the yeast Ste2 receptor 
to the N-terminus of this receptor has no affect on its 
ability to bind S-14. The Ste2 sequences act as a tag for 
immunochemical examination of receptor expression. The 
immunoblot shown in Figure 7 illustrates the high level of 
expression of SSTR2 in three different strains. Yeast 
strains expressing the SSTR2 somatostatin receptor and 
different Ga proteins are derived from strain YPH500. These 
strains share the genotype MAT a scglAhisG lys2-801 ura3-52 
leu2Al trplA63 his3A200 ade2 SSTR2. Strains designated 
CY624 (Gai2), CY602 (Gas, and CY603 Scgl) are examined for 
specific binding of radiolabeled somatostatin- 14 (S-14) . 
All three exhibit some degree of somatostatin binding (Table 
1) . High affinity binding of this ligand requires coupling 
of the receptor to G protein, normally Goi (Luthin D.R. 
1993; Strnad J. 1993), so the high level of binding in the 
absence of Gai is unexpected. As confirmation that the 
receptor is coupled to G proteins, binding is examined in 
the presence of the nonhydrolyzable guanosine triphosphate 
analog Gpp (NH)p. The addition of this compound eliminates 
ligand binding (Table 1), demonstrating that the SSTR2 
receptor is coupled to G protein. These data demonstrate 
that a mammalian G protein-coupled receptor can functionally 
interact with a G protein composed of its favored Ga protein 
plus yeast Gp and Gy subunits and that a heterologous 
receptor can functionally couple to a G protein entirely 
composed of yeast subunits. 



WO 95/21925 



PCT/US95/02075 



33 

TABLE 1. Binding of 125 I- somatostatin 

STRAIN 8 Ga Bmax b +Gpp (NH) p c 

CY624 Gai 94*5 22% 

CY602 Gas 13-7 0% 

CY603 Scgl 24.7 4% 



a Crude membrane extracts were prepared from yeast 
strains expressing the rat SSTR2 somatostatin receptor 
subtype and the indicated Ga protein. The maximal binding 
of radiolabeled somatostatin 14 was measured as described in 
the text. b Bmax values are given as fmol/mg total protein. 
c The non-hydrolyzable GTP analog Gpp(NH)p was added to 
samples to uncouple receptor and G protein. Data are 
presented as percent radioligand bound compared to untreated 
samples . 

Expression of Drosophlla muscarinic acetylcholine 
receptor. DNA sequences encoding a Drosophlla muscarinic 
acetylcholine receptor (Dm mAChR) are modified by addition 
of a Sail site in the 5' coding sequences through the use of 
PCR. DNA sequences encoding the first 23 amino acids of the 
STE2 gene product are added to the 5 T end of Dm mAChR as a 
BamHI/Sall fragment. The modified Dm mAChR is inserted into 
the BamHI site in plasmid pMP3, placing expression of the 
receptor under the control of the GAL1 promoter, forming 
plasmid pMP3-Dm mAChR. Strain CY414 is transformed with 
this plasmid and cultured for receptor expression by 
standard methods. Crude membrane preparations are prepared 
from these cells and tested for the presence of specific 
binding sites for the muscarinic antagonist 3H-quinuclidinyl 
benzilate (10 nM) competed with atropine (50 pM) . Specific 
binding sites (Bmax 10 and 30 fmol/mg) are observed. 

Drosophila mAchR expression is also detectable by 
immunoblotting methods. An abundant 75 kDa polypeptide, 
consistent with the predicted molecular weight from the 
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primary sequence of mAchR, is detected in samples of protein 
(30ug/lane) from crude membrane preparations from cells 
expressing mAchR from pMP3 using an antibody directed 
against the associated Ste2 epitope (Figure 9). 
Substantially less protein is detected when mAchR is 
expressed from pMP2, a derivative of pMP3 lacking GAL 4 
sequences, which is not expected to confirm high level 

expression of mAchR. 

Expression of an ^-adrenergic receptor ( 2eAR) . 

An EcoRI-Narl fragment from plasmid pMP3, including the 
GAL! ,10 promoter EcoRI-BamHI fragment, DNA sequences 
encoding the first 23 amino acids of the STE2 gene product 
' present on a BamHI-Sall fragment, Sall-SphI polylinker 
fragment from YEp352, and STE7 terminator sequences, is 
transferred to pRS424, forming pLP15. A Pstl-PvuII fragment 
encoding a porcine a2A-AR [Guyer, C.A., Horstman, D.A., 
Wilson, A.L., Clark, J.D., Cragoe, E.J., and Limbird, L.E. 
(1990) J. Biol. Chem. 265, 17307-17317] is inserted into the 
Pstl-Smal sites of pLPl5, forming pLP50. An EcoRI fragment 
of GAL4 is inserted into the EcoRI site of pLP50, forming 
pLP60. Strain LY124 [a derivative of YPH500 (Stratagene) 
containing the scgUhisG allele and bearing plasmid pLPIO 
[pLPIO: pUN75 (Elledge, S.J. and Davis, R.W. Genetics 87, 
189-194) containing the PGK-Scgl-Gai2 Xhol-Sall fragment 
from P PGKH-Scgl-Goi2 inserted into the Sail site] is 
transformed with pLP60 and cultured for receptor expression 
by standard methods. Crude membrane preparations are 
prepared from these cells and tested for the presence of 
specific binding sites for the o2-AR antagonist 3H- 
rauwolscine (200 nM) competed with phentolamine (lOuM) . 
Specific binding sites with a Bmax of between 10 and 84 
fmol/mg were observed. 

Porcine cc2AR expression is also detectable by 
immunoblotting methods (Figure 10). Several abundant 
polypeptides are detected in samples of protein (30ug/lane) 
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from crude membrane preparations from cells expressing a 2AR 
from pMP3 using an antibody directed against the associated 
Ste2 epitope. 

EXAMPLE 3 

Agonist dependent growth of yeast in response to 
soma totsta tin receptor agonists* 

Yeast strains that respond to somatostatin are 
created by introducing several modifications into typical 
laboratory yeast strains. First, a cDNA encoding the 
somatostatin receptor subtype 2 (SSTR2) is placed under the 
control of the galactose-inducible GAL1 promoter in a 
multicopy yeast plasmid (Figure 11) • High level expression 
of receptor is accomplished by inducible co-overexpression 
of the transcriptional activating protein GAL4 from the same 
plasmid. Second, the endogenous Ga protein gene, GPA1/SCG1, 
is replaced with a chimeric gene composed of an amino 
terminal domain from GPA1/SCG1, and Oterminal sequences 
from rat Gai2 (Figure 12) * Expression of chimeric G 
proteins in yeast have previously been shown to suppress the 
growth defect of scgl/gpal mutant cells [Kang, Y.-S., Kane, 
J., Kurjan, J., Stadel, J.M., and Tipper, D.J. (1990) Mol. 
Cell. Biol. 10, 2582-2590]. Third, the FAR1 gene is deleted, 
permitting continued growth in the presence of an activated 
mating signal transduction pathway. The FAR! protein is 
thought to serve as the primary interface between the mating 
signal transduction pathway and cell cycle machinery [Chang, 
F. and Herskowitz, I. (1990) Cell 63, 999-1012; Peter, M. , 
Gartner, A., Horecka, J., Ammerer, G., and Herskowitz, I. 
(1993) Cell. Biol. 13, 5659-5669]. Fourth, the FUS1 gene is 
replaced with a reporter gene construct made by fusing 
transcription control elements of the FUS1 gene to HIS3 
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protein coding sequences, thereby placing expression of the 
HIS3 gene product under the control of the pheromone signal 
transduction pathway. Yeast strains (his3) bearing this 
construct are able to grow poorly on supplemented minimal 
medium lacking histidine and are sensitive to 3-amino-l, 2, 4- 
triazole (AT), an inhibitor of the HIS3 gene product. 
Receptor activation by agonist-binding leads to increased 
HIS3 protein expression, a corresponding increase in 
resistance to AT, and, therefore, the ability to grow on 
medium lacking histidine and/or in the presence of the 
inhibitor. Adjusting the pH of the growth medium to > pH 
5.5 enhances the ability of such cells to grow in presence 
of agonist, presumably due to an increased ability of 
somatostatin to bind to SSTR2. 

The utility of the yeast expression system lies in 
its adaptability to rapid mass screening. To facilitate 
screening for novel therapeutics directed at the SSTRs, a 
convenient agar plate bioassay is developed in which 
functional coupling of somatostatin binding to receptor and 
subsequent activation of the mating signal transduction 
pathway is detected as a zone of growth (halo) around 
applied compounds (Figure 13) . Overnight liquid cultures of 
LY268 [a derivative of YPH500 (Stratagene) MAT a ura3-52 
lys2-801 ade2 trplA63 his3A200 leu2Al farlALYS2 scglAhisG 
fuslAFUSl-HIS3 sst2AADE2 bearing the SSTR2 expression 
plasmid and the SCG1-Gai2 expression plasmid pLP82 in SC 
dextrose (2%) lacking ura, trp were transferred to SC 
Lactate medium (2%) lacking ura and trp and subsequently SC 
galactose (2%) medium lacking ura and trp. Cells (2 xlO 5 ) 
are then plated in 30 ml of SC galactose (2%) lacking ura, 
trp, and his agar (Figure 13, top panel), or spread evenly 
on the surface (Figure 13, bottom panel), the indicated 
amounts of selected compounds applied to paper disks 
. situated on the surface of the agar plate, and incubated at 
30°C for 3-5 days. Halos of growth are observed around 
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disks saturated with varying concentrations of somatostatin 
(S-14) and MK678 [a hexapeptide analog of somatostatin that 
exhibits high affinity binding to SSTR2 [Verber, D., 
Saperstein, R., Nutt, R., Friedinger, R., Brady, P., Curley, 
5 P., Perlov, D., Paleveda, W., Zacchei, A. , Cordes, E., 

Anderson, P., and Hirschmann, R. (1981) Life Sci, 35, 1371- 
1378] . Halo size increases in proportion to the amount of 
agonist applied and a significant response is observed even 
at the lowest amount applied (6 nmol S-14), demonstrating 

10 the exquisite sensitivity of the assay. No detectable 

response is observed with carrier alone, or to met- 
enkephalin, an opiate receptor agonist, demonstrating the 
high specificity of the assay. 

Yeast medium and culture conditions are formulated 

15 according to standard procedures and DNA-mediated 

transformation of yeast is by the LiAc method [Sherman, F., 
Fink, G.R., and Hicks, J.B. (1986) Methods in Yeast Genetics 
(Cold Spring Harbor Laboratory Press] . LY2 68 is constructed 
by sequential insertional deletion using recombinant 

20 scglrAhisG, farlALYS2, FUS1AHIS3, and sst2AADE2 alleles. 

The scglAhisG allele is assembled by inserting the hisG- 
URA3-hisG fragment from pNKYSl [Alani, E., Cao, L., and 
Kleckner, N. (1987) Genetics 116, 541-545] between the 5 f 
EcoRI-Hindlll and 3' Sphl-SnaBI fragments of SCG1/GPA1. 

25 After DNA-mediated transformation of appropriate yeast 

strains and selections for replacement of the chromosomal 
allele, the URA3 gene is removed by inducing recombination 
between hisG repeats by growth on 5-f luoroorotic acid (FOA)- 
containing medium [Boeke, J., Lacroute, F., and Fink, G. 

30 (1984) Mol. Gen. Genet, 197, 345-346]. The farlALYS2 allele 

is constructed by amplifying two fragments of the FAR1 gene 
[Chang, F. and Herskowitz, I. (1990) Cell 63, 999-1012] from 
yeast genomic DNA (strain YPH501, Stratagene) using 
synthetic oligonucleotides that introduce an EcoRI site at 

35 1201 in the 5 f fragment and an Hindlll site at position 2017 
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and a Sail site at 2821 in the 3' fragment. The fragments 
are cloned into the EcoRI/Sall fragment of pBSK 
(Stratagene) . The completed farlALYS2 construct is digested 
with EcoRI and used to transform yeast. An EcoRI fragment 
5 encoding the FUS1-HIS3 reporter gene is released from 

PSL1497 [Stevenson, B.J., Rhodes, N. , Errede, B., and 
Sprague, G.F. (1992) Genes Dev. 6, 1293] and used to 
transform appropriate yeast strains. The sst2AADE2 allele 
[Dietzel, C. and Kurjan, J. (1987) Mol. Cell. Biol. 7, 4169- 

10 4177] is built from a 2.5 kb fragment of the ADE2 gene 

amplified by PCR using oligos that placed a Cla site at 
position 1 and an Nhel site at position 2518. This fragment 
is used to replace the internal Clal-Nhel fragment in SST2. 
The sst2AADE2 fragment is released by digestion with Sail 

15 and used to transform appropriate yeast strains. 

The multistep construction of the SSTR2 expression 
plasmid, pJH2 (Figure 11), is initiated by inserting a 
Sphl/Narl fragment of 3' untranslated region from the STE7 
gene [Teague, M.A., Chaleff, D.T., and Errede, B. (1986) 

20 Proc. Natl. Acad. Sci. USA 83, 7371-7375], and an 

EcoRI /BamHI fragment of the GAL1/10 promoter [Yocum, R.R., 
Hanle'y, S., West, R-, and Ptashne, M. (1984) Mol. Cell. 
Biol. 4 1985-1998] into appropriate sites in YEp352 [Hill, 
J.E., Myers 2, A.M., Koerner, T.J., and Tzagoloff, (1986) 

25 Yeast 2, 163-167.], creating pEKl. A PCR product, encoding 

the open reading frame and transcriptional termination 
sequences of the GAL4 gene, is amplified with oligos 
containing 5' EcoRI and 3' Aatll sites and inserted into 
pEKl, creating pMP3. The cDNA encoding rat SSTR2 (Strnad, 

30 J., Eppler, CM., Corbett, M., and Hadcock, J.R. (1993) BBRC 

191, 968-976] is modified by PCR using oligonucleotides that 
add a Bglll site in the DNA sequences encoding the amino 
terminus of SSTR2 and a Bglll site directly afjter the 
translational stop site. SSTR2 coding sequences are 

35 inserted as a Bglll PCR fragment into the BamHI site of pMP3. 
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Plasmid pLP82 (Figure 12) is constructed by first 
replacing the XhoI/EcoRI promoter fragment in pPGKH-SCGl-Gas 
[Kang, Y.-S., Kane, J., Kurjan, J., Stadel, J.M., and 
Tipper, D.J. (1990) Mol. Cell. Biol. 10, 2582-2590], with a 
modified SCG1 promoter fragment [Dietzel, C. and Kurjan, J. 
(1987) Cell 50, 1001-1010] amplified from yeast genomic DNA 
using oligonucleotides that introduce 5' Xhol and 3' EcoRI 
sites at positions -200 and -42, forming plasmid pLP61. The 
BamHI fragment encoding Gas domain is replaced with a 
comparable fragment encoding Goi2, forming plasmid pLP71. 
The Xhol/Sall fragment of pLP71 encoding an 5CGI-Goi2 
chimeric G protein expressed under the control of the SCG1 
promoter is transferred to the Sail site in pRS414 
(Stratagene) , forming pLP82. 

Plasmid pLP83 is constructed by replacing the 
EcoRI fragment in pLP71 with the EcoRI fragment encoding I 
from pPGKH-SCGl [Kang, Y.-S., Kane, J., Kurjan, J., Stadel, 
J.M., and Tipper, D.J. (1990) Mol. Cell. Biol. 10, 2582- 
2590], forming plasmid pLP75. The Xhol/Sall fragment 
encoding SCG1 is transferred to the Sail site in pRS414 
(Stratagene), forming plasmid pLP83. 

EXAMPLE 4 

Effects of 6 protein expression on the 
sensitivity of the bioassay. 

Yeast strains LY268 (pLP82: CEN pSCGl-Scgl-Gai2) , 
LY262 (pRS414-PGK-Scgl-Gai2: pRS414 containing the PGK-Scgl- 
Gai2 Xho/Sall fragment from pPGKH-Scgl-G«i2 in the Sail 
site), LY324 (pLP84: 2u pSCGl-Scg-Goi2) , and LY284 (pRS424- 
PGK-Scg-Gai2: pRS424 containing the PGK-Scgl-Gai2 Xho/Sall 
fragment from pPGKH-Scgl-Gai2 in the Sail site) were 
constructed by placing the designated plasmids in strain 
LY260 [a derivative of YPH500 (Stratagene) MATa ura 3-52 
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lys2-801 ade2 trplD63 his3A200 leu2al farlALYS2 scglAhisG 
fuslAFUSl-HIS3 sst2AADE2 bearing the SSTR2 expression 
plasmid] . Overnight liquid cultures in SC-Dextrose (2%) 
lacking ura and trp were transferred to Sc-Lactate (2%) 
medium lacking ura and trp and subsequently SC-Galactose 
(2%) medium lacking ura and trp. Cells (2xl0 5 ) are then 
plated in 30 ml of SC-Galactose (2%) lacking ura, trp, and 
his agar, the indicated amounts of selected compounds 
applied to paper disks situated on the surface of the agar 
plate, and incubated at 30°C for 3-5 days (Figure 14) . The 
extent of growth around S-14 is dependent upon the G protein 
expression plasmid contained in each strain. The most 
luxuriant growth is observed in response to S-14 by LY268 
(pLP82: CEN pSCGl-Scgl-Geci2) , less growth is seen in strains 
LY262 ( P RS414-PGK-Scgl-G«i2) and LY324 (pLP84: 2u pSCGl-Scg- 
Goi2) , while little detectable growth is exhibited by LY284 
(pRS424-PGK-Scgl-Gai2) . These results are consistent with 
the observed inhibition of pheromone stimulated 
transcriptional induction by elevated amounts of expressed 
Go protein. Thus, precise regulation of G protein expression 
levels in strains expressing heterologous G protein-coupled 
receptors is critical to the design and successful 
implementation of a bioassay for compounds that interact 

with the receptor. 

Plasmid pLP84 is constructed by first replacing 
the XhoI/EcoRI promoter fragment in pPGKH-SCGl-Ga s [Kang, 
Y.-S., Kane, J., Kurjan, J., Stadel, J.M., and Tipper, D.J. 
(1990) Mol. Cell. Biol. 10, 2582-2590], with a modified SCG1 
promoter fragment [Dietzel, C. and Kurjan, J. (1987) Cell 
50, 1001-1010] amplified from yeast genomic DNA using 
oligonucleotides that introduce 5' Xhol and 3' EcoRI sites 
at positions -200 and -42, forming plasmid pLP61. The BamHI 
fragment encoding Go s domain is replaced with a comparable 
fragment encoging Ga 12 , forming plasmid pLP71. The Xhol/Sali 
fragment of pLP71 encoding a SCG2-Ga l2 chimeric G protein 
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expressed under the control of the SCG1 promoter is 
transferred to the Sail site in pRS424 (Stratagene) , forming 
pLP84. 

EXAMPLE 5 
Somatostatin receptor is capable of 
transmitting signal through the 
endogenous yeast 6 a 

SSTR2 is thought to couple to Ga i2 and Ga i3 in 
mammalian cells [Luthin, D. R., Eppler, C. M. , and Linden, 
J. (1993) J. Biol. Chem. 268 , 5990-5996]. However, when 
expressed in appropriate yeast strains (described below) , 
SSTR2 is shown to be capable of transmitting a signal 
through the endogenous yeast Ga protein. Implicit in this 
observation is the necessary coupling of SSTR2 to the 
endogenous Ga protein. The ability of heterologous G 
protein-coupled receptors to couple to the endogenous Ga 
protein is a significant improvement in existing technology, 
and is thought not to be possible in the prior art (King K. 
Dohlman, H.G., Thorner, J., Caron, M.G., and Lefkowitz, R.J. 
(1990) Science 250, 121-123). Yeast strains LY266 (pLP83: 
CEN pSCGl-Scgl) , LY280 (pRS414-PGK-Scgl : pRS414 containing 
the PGK-Scgl Xho-Sall fragment from pPGKH-Scgl in the Sail 
site), LY326 (pLP86: 2]i p SCGl-Scg) , and LY282 (pRS424-pPGK- 
Scg pRS424 containing the PGK-Scgl Xho-Sall fragment from 
pPGKH-Scgl in the Sail site) were constructed by placing the 
designated plasmids in strain LY260. Overnight liquid 
cultures of these strains, which are capable of expressing 
only SCG1/GPA1, in SODextrose (2%) lacking ura and trp were 
transferred to SC-Lactate (2%) lacking ura, trp, and 
subsequently to SC-Galactose (2%) lacking ura and trp 
medium. Cells (2 x 10 5 ) are then plated in 30 ml SC- 
Galactose (2%) lacking ura, trp, and his medium, the 
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indicated amounts of selected compounds applied to paper 
disks situated on the surface of the agar plate, and 
incubated at 30°C for 3-5 days. Halos of growth are 
observed around disks saturated with varying concentrations 
of S-14, demonstrating that a productive signal can be 
transduced through an interaction between SSTR2 and the 
yeast SCG1/GPA1 protein (Figure 15). These observations 
demonstrate that a simple and broadly applicable bioassay 
may be established in which any member of the class of G 
protein-coupled receptors may be expressed in appropriately 
modified yeast strains and made to couple to the endogenous 
Get protein. 

Plasmid pLP86 is constructed by replacing the 
EcoRI fragment in pLP71 with the EcoRI fragment encoding 
SCG1 from pPGKH-SCGl [Rang, Y.-S., Kane, J., Kurjan, J., 
Stadel, J.M., and Tipper, D.J. (1990) Mol . Cell. Biol. 10. 
2582-2590], forming plasmid pLP75. The Xhol/Sall fragment 
encoding SCG1 is transferred to the Sail site in pRS424 
(Stratagene) , forming plasmid pLP86. 



EXAMPLE 6 

Mutations in SST2 enhance the sensitivity of the 
responses to somatostatin 

Mutations in the SST2 gene result in 
supersensitivity of otherwise wild type cells to mating 
pheromone. The effect of this mutation on levels of AT 
resistance expressed in farl, FUS1-HIS3 strains is examined 
(Figure 16) . Cells (5 x 10 5 ) from overnight cultures of 
LY230 [a derivative of YPH50 (Statagene) MAT a SST2 ura3-52 
lys2-801 ade2 trplA63 his3A200 leu2Al f arlAFUSl-HIS3] and 
LY238 (a modification of LY230 sst2AADE2) in SCD-ura, trp 
are plated on SCD-ura, trp, his, containing 10 mM AT and 
incubated at 30°C for 2 days. Increased AT resistance in 
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response to mating factor is exhibited by LY238 (sst2) . 
Growth of LY238 is observed around disks containing 10 pmol 
of mating pheromone, while LY230 (SST2) required 1 nmol of 
mating factor for significant growth to be observed. Thus, 
5 introduction of sst2 into these strains raises the 

sensitivity of the bioassay by at least 100-fold, opening 
the possibility of increasing the sensitivity of other G 
protein-coupled receptor bioassays as well. 

Yeast strains that express SSTR2 and bearing a 

10 defective sst2 gene exhibit much greater growth around disks 

containing various concentrations of somatostatin than is 
exhibited by strains containing a functional SST2 gene. 
Overnight cultures of strains LY268 (sst2 / containing 
pLP82), LY266 (sst2, containing pLP83) , LY288 [a derivative 

15 of YPH500 (Stratagene) MATa SST2 ura3-52 lys2-801 ade2 

trplA63 his3A200 leu2Al farlALYS2 scglAhisG fuslAFUSl-HIS3 
bearing the SSTR2 expression plasmid and the SCG1-Ga i2 
expression plasmid, pLP82] and LY290 (a modification of 
LY288 that contains pLP83) in SC Dextrose (2%) lacking ura, 

20 trp were transferred to SC Lactate medium (2%) lacking ura 

and trp, and subsequently to SC Galactose (2%) medium 
lacking ura and trp. Cells (2 x 10 5 ) are then plated in 30 
ml SC Galactose (2%) plates lacking ura, trp and his, the 
indicated amounts of selected compounds applied to paper 

25 disks situated on the surface of the agar plate, and 

incubated at 30°C for 3-5 days. Halos of growth are 
observed around disks saturated with varying concentrations 
of S-14 in both sst2A and SST2 strains (Figure 17), however, 
the amount of growth exhibited by strain LY268 and LY266 

30 (sst2) is significantly greater than that observed for 

strains LY288 and LY290 (SST2) . Furthermore, the down- 
regulatory effect of SST2 is more pronounced in those 
strains that express solely the wild type SCG1/GPA1 protein, 
consistent with the expectation that SST2 interacts more 

35 faithfully with the native protein than the SCG1-Ga 12 
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chimeric protein. 



EXAMPLE 7 



Functional expression of a rat cholecystokinin 
(CCK B ) receptor in yeast. 

Cholecystokinin (CCK) is a major intestinal 
hormone that plays an important role in regulating 
pancreatic secretion and bile ejection (1) . CCK is also one 
of the most widely distributed of brain neuropeptides (2) . 
CCK promotes its effects through the action of cell surface 
receptors which can be classified using pharmacological 
criteria into two subtypes, CCK A and CCK B (3) . Molecular 
cloning efforts have identified cDNAs encoding G protein- 
coupled CCK A (4) and CCK B (5-8) receptors. Recently, 
compounds with selective CCK B receptor antagonist properties 
having potent anxiolytic activity have been identified (9) . 
Functional expression of CCK B receptors in yeast should 
permit rapid screening for new compounds with CCK B 
antagonist properties and facilitate molecular 
characterization of structural aspects of the CCK B receptor 
required for rational design of new CCK B ligands. 

MATERIALS AND METHODS 

Plasmid constructions. All molecular biological 
manipulations were performed according to standard 
procedures (10) . The rat CCK B receptor was cloned from rat 
brain cDNA by PCR using oligonucleotide primers that 
introduce Bglll sites at 5' and 3' ends (5- 
AAAAGATCTAAAATGGACCTGCTCAAGCTG , 3« AAAAGATCTTCAGCCAGG 
CCCCAGTGTGCT) . The CCK B receptor expression plasmid, pJH20, 
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was constructed by inserting the Bglll-digested PCR fragment 
in the correct orientation into BamHI cut pMP3 (11) . The Ga 
protein expression plasmids used in this study were 
constructed by replacing DNA sequences encoding the 47 
5 carboxy-terminal amino acids of GPA1 in pLP83 (11) with 

those of Ga s (pLP122), Ga i2 (pLP121) . 

Strain constructions. Yeast strains were 

constructed, and growth media and culture conditions 
formulated according to standard procedures (12) . DNA- 

10 mediated transformation of yeast was carried out using the 

lithium acetate method. The yeast strains used as the basis 
for all experiments described in this report were 
constructed by sequential insertional deletion using 
recombinant alleles. Yeast strains that express the rat 

15 CCK B receptor were constructed by sequential DNA-mediated 

transformation of LY296 (MATa ura3-52 trplA63 his3A200 
leu2Al ade2-101 lys2-801 gpalAhisG farlALYS2 FUS1-HIS3 
sst2AADE2 / ref. 7) with pJH20 followed by the Ga protein 
expression plasmids described above. 

20 Radiolabeled agonist saturation binding assays. 

Crude yeast membrane extracts from late log phase cultures 
were prepared by glass-bead lysis and centrifugation at 
40,000 xg following a published procedure (13) . The protein 
content of crude membrane fractions was measured using the 

25 Biorad protein assay kit according to manufacturers 

instructions. Radioligand binding assays were conducted 
according to Strnad et al (14) using 3 H-CCK-8 (Amersham) in 
the presence of 150 mM NaCl. Non-specific binding was 
defined as that observed in the presence of 1 pM CCK-4. 

30 Negligible specific binding was observed in membrane 

fractions made from cells lacking CCK B receptor (data not 
shown) . 

Bio as say. Functional assay of CCK B receptor 
expressed in yeast was accomplished using modification of a 
35 standard procedure (11) . Yeast strains were grown overnight 
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in 2 ml synthetic complete liquid medium containing glucose 
(2 %) and lacking uracil and tryptophan (SCD-ura-trp) 
medium, washed to remove residual glucose and grown 
overnight in 5 ml SC Galactose (2 %)-ura-trp liquid medium. 
Molten (50°C) SC Galactose (2 %) -ura-trp-his agar medium (30 
ml, adjusted to pH 6.8 by addition of concentrated KOH or 
NH 4 OH prior to autoclaving) was inoculated with the 
overnight culture (2 xlO 4 cells/ml) and poured into square 
(9 x 9 cm) petri plates. Sterile filter disks were placed 
on the surface of the solidified agar and saturated with 10 
ul of DMSO containing the indicated amounts of the 
designated compounds. Plates were incubated at 30 °C for 3 
days. Cholecystokinins (CCK-4, CCK-8), somatostatin (S-14) , 
and met-enkephalin were from Bachem. Oxymetazoline, 
isoproterenol, and carbachol were from Sigma. 

RESULTS 

Cholecystokinin binding to the rat CCK B receptor 
expressed in yeast. High level functional expression of the 
rat CCK B receptor in yeast was a necessary prerequisite to 
the development of a useful bioassay. The rat CCK B receptor 
cDNA was placed under the control of the GAL1 promoter in 
plasmid pJH20. This construct also confers inducible 
overexpression of Gal4p, the transcriptional activating 
protein for galactose-inducible genes, resulting in 
significantly elevated levels of receptor protein in crude 
membrane fractions compared to receptor expressed from a 
plasmid lacking GAL4 sequences (data not shown) . CCK B 
receptor sequences were introduced into pJH20 without 
modification of the protein coding sequences. Previously, 
King et al. reported that replacement of the amino- terminal 
domain of the p 2 -adrenergic receptor with equivalent STE2 
sequence was necessary for efficient receptor expression in 
yeast (15) . In contrast, functional expression of CCK B 
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receptor in yeast does not require addition of any yeast 



expression of chimeric Ga proteins composed of amino- 
terminal Py-interaction domain from Gpalp and carboxy- 
terminal receptor interaction domains from rat Ga 12 (pLP121) 
or*Ga 3 (pLP122) under the control of the GPA1 promoter were 
constructed. Yeast strains that contain expressed CCK B 
receptor and chimeric Ga i2 (LY628) and Ga s (LY631) protein 
were assembled by transformation of a yeast strain (LY296) 
modified by deletion of genes encoding components of the 
mating signal transduction pathway with CCK B receptor and Ga 
protein expression plasmids". Most G protein-coupled 
receptors exhibit both high and low agonist-dependent 
affinity states. High-affinity agonist binding is dependent 
on functional association of receptor with a heterotrimeric 
G protein. If the receptor does not associate with, or is 
uncoupled from the G protein, agonist binding will be of low 
affinity and undetectable in radiolabeled agonist saturation 
binding assays. In crude yeast membrane fractions made from 
LY631 cells, the agonist 3 H-CCK-8 bound to the CCK B receptor 
with high affinity and in a saturable manner (Fig. 18), 
demonstrating that (1) a functional ligand-binding 
conformation of the CCK B receptor was expressed in yeast, 
and (2) the receptor functionally associated with the 
chimeric Ga protein, resulting in a high-affinity agonist 
binding state. The CCK B receptor expressed in yeast 
displayed an affinity for 3 H-CCK-8 (K d = 8 nM) substantially 
lower than the high affinity binding state of the CCK B 
receptor expressed in mammalian cells (K d = 100 pM, ref. 5), 
perhaps due to an inefficient interaction with the receptor 
interaction domain from rat Ga s These binding parameters 
would be expected to more closely resemble the native values 
in extracts from cells containing the cognate Ga protein, 
Gaq (5-8). The total number of 3 H-CCK-8 binding sites 
observed (1^=206 fmol/mg) was consistent with values 



sequences to the amino-terminus . 



Plasmids conferring 
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obtained for the yeast a-mating pheromone receptor (200 
fmol/mg, ref . 16) . For many G protein-coupled receptors, 
high affinity agonist binding is sensitive to GTP and its 
analogs. GTP analogs induce dissociation of the receptor/G- 
protein complex, resulting in a low affinity agonist binding 
state. Addition of GppNHp (100 uM) , a non-hydrolyzable GTP 
analog, to an agonist binding assay decreased specific 
binding of 3 H-CCK-8 to the CCK B receptor by greater than 50% 
in crude membrane fractions from LY631 cells. These results 
represent a further indication of functional coupling 
between the CCK B receptor and the chimeric Gee protein. 
Thus, the rat CCK B receptor expressed in yeast exhibits 
high-affinity agonist binding properties comparable to those 
observed in mammalian tissues. 

The CCK B receptor retained agonist selectivity 
when expressed in yeast. A selective and sensitive bioassay 
was designed using yeast strains bearing the above described 
genetic modifications and plasmids conferring expression of 
the CCK B receptor and chimeric G el2 and G M proteins. A dose- 
dependent growth response of LY628 and LY631 cells was 
evident around applied CCK-4 (Fig. 19) - The assay was 
selective: the diameter of the growth zones was 
proportional to the reported affinity of the ligands for the 
CCK B receptor (CCK-8 > gastrin > CCK-4) reflecting the 
ability of the bioassay to discriminate between ligands of 
varying potency (5-8) . Detectable growth responses were not 
observed in response to a variety of agonists selective for 
other G protein-coupled receptors (somatostatin, met- 
enkephalin, oxymetazoline, isoproterenol, carbachol) , nor by 
yeast cells lacking the CCK B receptor (data not shown) . A 
detectable response was observed to 10 ug of CCK-4. 

DISCUSSION 



Compounds that act at the CCK receptors, particularly 
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antagonists , may possess great therapeutic potential (3) . 
In the periphery, the inhibitory effects of CCK antagonists 
make them excellent candidates for treatment of 
pancreatitis, pancreatic cancer, biliary colic, disorders of 
gastric emptying, and irritable bowel syndrome. CCK 
antagonists reverse the development of satiety and might be 
useful in improving appetite in anorectic patients or others 
that require increased food intake. Conversely, CCK 
agonists might be useful appetite suppressants. CCK 
antagonists also potentiate opiate analgesia and so might be 
appropriate for use in the management of clinical pain. In 
the CNS, selective CCK antagonists have promise as powerful 
anxiolytic agents (9) . Further, CCK antagonists relieve the 
anxiety associated with withdrawal from drug use, and so 
might find a use in the treatment of withdrawal from 
commonly abused drugs. CCK agonists may have use as 
antipsychotic agents. 
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EXAMPLE 9 

Functional expression of a rat adenosine 
(A 2a ) receptor in yeast. 

Adenosine, as well as ATP and related purinergic 
compounds, function as both neurohormonal agents and 
autocoids regulating the process of cell to cell 
communication (1) . In this role, adenosine regulates a 
broad range of physiological functions including heart rate 
and contractility, smooth muscle tone, sedation, release of 
neurotransmitters, platelet function, lipolysis, kidney and 
white blood cell action. Adenosine promotes its effects 
through the action of cell surface receptors which can be 
classified using pharmacological criteria into three 
subtypes, A lf A 2a and A 2b , and A 3 . Molecular cloning efforts 
have identified cDNAs encoding G protein-coupled adenosine 
A x (2-5), A 2a and A 2b (6-9), and A 3 receptors (10). Functional 
expression of adenosine receptors in yeast should permit 
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rapid screening for new compounds with adenosine agonist and 
antagonist properties and facilitate molecular 
characterization of structural aspects of the adenosine 
receptors required for rational design of new adenosine 
5 ligands . 

MATERIALS AND METHODS 

Plasmid constructions. All molecular biological 

10 manipulations were performed according to standard 

procedures (11) . The rat A 2a .adenosine receptor (9) was 
cloned from rat brain cDNA by PCR using oligonucleotide 
primers that introduce BamHI sites at 5' and 3' ends (5' 
GAAGATCTAAAAAATGGGCTCCTCGGTGTAC, 3 ' 

15 ACATGCATGCAGATCTTCAGGAAGGGGCAAACTC) . The A 2a .adenosine 

receptor expression plasmid, pJH21, was constructed by 
inserting the Bglll-digested PCR fragment in the correct 
orientation into BamHI cut pMP3 (12) . For constitutive 
expression of the A 2a _adenosine receptor in glucose- 

20 containing medium, the expression vector, pLPlOO, was 

constructed. DNA fragments encoding transcriptional 
regulatory sequences from the ADH1 gene (&) were amplified 
by PCR and inserted into pRS426. An ADH1 transcriptional 
terminator fragment was amplified from yeast genomic DNA 

25 (YPH501, Stratagene) using synthetic oligonucleotides that 

add 5' Xhol ( TTTCTCGAGCGAATTTCTTATGATTT ) and 3' Kpnl 
( TTTGGTACCGGGCCCGGACGGATTACAACAGGT ) sites. An ADJfl promoter 
fragment was amplified from yeast genomic DNA using 
synthetic oligonucleotides that add 5' SacI 

30 GGGAGCTCTGATGGTGGTACATAACG ) and 3' BamHI 

(GGGGGATCCTGTATATGAGATAGTTGA) sites. The A 2a .adenosine 
receptor expression plasmid, pLPH6, was constructed by 
inserting a PCR fragment encoding the A 2a .adenosine receptor 
amplified using oligonucleotides that add 5' Bglll 

35 (AAAGATCTAAAATGGGCTCCTCGGTGTAC) and 3 ' Sail (AAGTCGACTCAGGAA 
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GGGGCAAACTC) sites BamHI-Sall cut LP100. The Goc protein 
expression plasmids used in this study were constructed by 
replacing DNA sequences encoding the 47 carboxy-terminal 
amino acids of GPA1 in pLP83 (12) with those of G ss (pLPl22) 
5 and Ga i2 (pLP121) . 

Strain constructions. Yeast strains were 

constructed, and growth media and culture conditions 
formulated according to standard procedures (13) . DNA- 
mediated transformation of yeast was carried out using the 

10 lithium acetate method. The yeast strains used as the basis 

for all experiments described in this report were 
constructed by sequentional insertional deletion using 
recombinant alleles. Yeast strains that express the rat A^. 
adenosine receptor were constructed by sequential DNA- 

15 mediated transformation of LY296 {MATa ura3-52 trplA63 

his3A200 leu2Al ade2-101 lys2-801 gpalAhlsG farlALYS2 FUSl- 
HIS3 sst2AAAE2 , ref. 12) with A 2a .adenosine receptor 
expression plasmids followed by the Ga protein expression 
plasmids described above. 

20 Radiolabeled agonist saturation binding assays. 

Crude yeast membrane extracts from late log phase cultures 
were prepared by glass-bead lysis and centrifugation at 
40, 000 xg following a published procedure (14) . The protein 
content of crude membrane fractions was measured using the 

25 Biorad protein assay kit according to manufacturers 

instructions. Radioligand binding assays were conducted 
according to Strnad et al. (15) using 3 H-NECA (Amersham) . 
Non-specific binding was defined as that observed in the 
presence of 1 uM NECA. Negligible specific binding was 

30 observed in membrane fractions made from cells lacking A 2a . 

adenosine receptor (data not shown) . 

Bioassay. Functional assay of the A 2a .adenosine 
receptor expressed in yeast was accomplished using a 
modification of a standard procedure (12) . Yeast strains 

35 were grown overnight in 2 ml synthetic complete liquid 
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medium containing glucose (2 %) and lacking uracil and 
tryptophan (SCD-ura-trp) medium, washed to remove residual 
glucose and grown overnight in 5 ml SC Galactose (2 %)-ura- 
trp liquid medium. Molten (50°C) SC Galactose (2 %)-ura- 
trp-his agar medium (30 ml, adjusted to pH 6.8 by addition 
of concentrated KOH or NH 4 OH prior to autoclaving) 
containing 5 mM 3-aminotriazole (Sigma) was inoculated with 
the overnight culture (2 xlO 4 cells/ml) and plated in square 
(9x9 cm) petri plates. For expression of the A 2a _adenosine 
receptor in glucose-containing medium, samples were removed 
from the first overnight culture and assayed in agar medium 
composed as above with glucose (2%) replacing galactose* 
Sterile filter disks were placed on the surface of the 
solidified agar and saturated with 10 pi of DMSO containing 
the indicated amounts of the designated compounds* Plates 
were incubated at 30 °C for 3 days. Adenosine ligands CGS- 
21680, NECA, and DPMA were purchased from RBI. Somatostatin 
(S-14) and met-enkephalin were from Bachem. Oxymetazoline, 
isoproterenol, and carbachol were from Sigma, 

RESULTS 

Adenosine agonist binding to the rat A 2a .adenosine 
receptor expressed in yeast. High level functional 

expression of the A 2a _adenosine receptor in yeast was a 
necessary prerequisite to the development of a useful 
bioassay. In plasmid pJH21, the rat A 2a . adenosine receptor 
cDNA was placed under the control of the inducible GAL1 
promoter. This construct also confers inducible 

overexpression of Gal4p, the transcriptional activating 
protein for galactose-inducible genes, resulting in 
significantly elevated levels of receptor protein in crude 
membrane fractions compared to receptor expressed from a 
plasmid lacking GAL4 sequences (data not shown) . Plasmid 
pLP116 confers high level constitutive expression of the A 2a _ 
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adenosine receptor under the control of the ADH1 promoter. 
In both plasmids, DNA sequences encoding, the A 2a _adenosine 
receptor were introduced without modification of the protein 
coding sequences. Previously, King et al. reported that 
u^jlaHEt of tte arirrHHinirBL drain of the ft-adssgic natter with eqjhalst SE2 
sequence was necessary for efficient receptor expression 
in yeast (16) . In contrast, functional expression of the 
A 2a _adenosine receptor in yeast does not require addition 
of any yeast sequences to the amino- t erminus . A chimeric 
Gee protein composed of the proposed amino-terminal Py~ 
interaction domain from Gpalp and a carboxy-terminal 
receptor interaction domain from rat Go s (pLP122) under 
the control of the GPA1 promoter was constructed. Yeast 
strains that contain expressed A 2a .adenosine receptor and 
chimeric Get protein were assembled by transformation of 
a yeast strain (LY296) modified by deletion of genes 
encoding components of the mating signal transduction 
pathway with A 2a .adenosine receptor and Gee protein 

expression plasmids. 

Most G protein-coupled receptors exhibit both 
high and low agonist-dependent affinity states. High- 
affinity agonist binding is dependent on functional 
association of receptor with a heterotrimeric G protein. 
If the receptor does not associate with, or is uncoupled 
from the G protein, agonist binding will be of low 
affinity and undetectable in radiolabeled agonist 
saturation binding assays. In crude yeast membrane 
fractions from cells bearing pLP116 and pLP122 (LY626) , 
the agonist 3 H-NECA bound to the A 2a _adenosine receptor 
with high affinity and in a saturable manner, (Fig. 20) 
demonstrating that (1) a functional ligand-binding 
conformation of the A 2a .adenosine receptor was expressed 
in yeast, and (2) the receptor functionally associated 
with the chimeric Get protein, resulting in a high- 
affinity agonist binding state. The total number of 3 H- 
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NECA binding sites observed (B max =242 fmol/mg) exceeded 
values obtained for the yeast a-mating pheromone receptor 
(200 fmol/mg, ref . 17) . The affinity of [ 3 H] NECA for the 
A 2a -adenosine receptor in yeast membranes (Kd-8pM) is 
equivalent to that observed in mammalian cells indicating 
functional coupling between receptor and G protein. 

The A 2a -adenosine receptor retained agonist 
selectivity when expressed in yeast. A selective and 
sensitive bioassay was designed using a yeast strain 
(LY595) bearing the above described genetic modifications 
and plasmids conferring expression of the A 2a -adenosine 
receptor (pLP116) and GPA1 (pLP83) . A dose-dependent 
growth response of LY595 cells was evident around applied 
CGS-21680, an A 2a _adenosine receptor selective agonist. 
The growth response was significantly more robust than 
that exhibited by cells responding to NECA and DPMA (Fig. 
21) . The assay was selective: the diameter of the 
growth zones was proportional to the reported affinity of 
the ligands for the A 2a _adenosine receptor (CGS- 
21680>NECA=DPMA) reflecting the ability of the bioassay 
to discriminate between ligands of varying potency. 
Detectable growth responses were not observed in response 
to a variety of agonists selective for other G protein- 
coupled receptors (somatostatin, met-enkephalin, 
oxymetazoline, isoproterenol/ carbachol) , nor by yeast 
cells lacking the A 2a _adenosine receptor (data not shown) . 
A detectable response was observed to 10 ]ig of CGS-21680. 

DISCUSSION 

Multiple therapeutic opportunities exist for compounds 
that modulate the function of the adenosine receptors 
(1) . Adenosine agonists may be useful in the treatment 
of epileptic seizure episodes and in preventing neuronal 
damage in stroke and neurodegenerative disorders . The 
ant idys rhythmic action adenosine suggests that adenosine 
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agonists could be effective in the treatment of complex 
tachycardia. adenosine agonists have potent sedative, 
anticonvulsant and anxiolytic activity. ^-adenosine 
selective agonists may be useful in stimulating lipolysis 
5 in adipose tissue, making them useful as weight loss 

treatments or antidiabetic agents and in the improvement 
of carcass quality in agricultural animals. A x adenosine 
antagonists may be useful in treatment of acute renal 
dysfunction. A 3 -antagonists may be useful in modulating 
10 mast cell degranulation for treatment of inflamatory 

disorders, including asthema. 
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EXAMPLE 8 

Functional expression of a rat somatostatin 
subtype 5 receptor in yeast. 

The cyclic tetradecapeptide somatostatin is a 
potent inhibitor of secretion of several hprmones, 
including growth hormone from the pituitary, glucagon and 
insulin from the pancreas, and gastrin from the gut. 
Somatostatin also acts as a neurotransmitter and has been 
shown to have broad modulatory effects in CNS and 
peripheral tissues (1) . The effects of somatostatin are 
transduced through binding of the hormone to high- 
affinity, plasma membrane localized somatostatin (SSTR) 
receptors (2). The SSTR's, encoded in five distinct 
subtypes (SSTR1-5), which account in part for tissue- 
specific differences in responses to somatostatin (3-10), 
comprise a subfamily of the seven- transmembrane domain, 
G protein-coupled receptor superfamily that mediates 
responses to a broad variety of extracellular signals. 
Functional expression of SSTR5 in yeast should permit 
rapid screening for new subtype-selective somatostatin 
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agonists and compounds with antagonist properties and 
facilitate molecular characterization of structural 
aspects of the SSTR5 required for rational design of new 
somatostatin ligands. 

MATERIALS AND METHODS 

Plasmid constructions. All molecular biological 

manipulations were performed according to standard 
procedures (11) . The rat SSTR5 (7) was cloned from rat 
genomic DNA by PCR using oligonucleotide primers that 
introduce Bglll sites at 5 1 and 3 f ends 
( 5 1 AAAAAGATCTAAAATGGAGCCCCTCTCTCTG , 3 f AGCAGATCTTCAGATC 
CCAGAAGACAAC) . The SSTR5 expression plasmid, pJH19, was 
constructed by inserting the Bglll-digested PCR fragment 
in the correct orientation into BamHI cut pMP3 (12) . The 
Ga protein expression plasmids used in this study were 
constructed by replacing DNA sequences encoding the 47 
carboxy-terminal amino acids of GPA1 in pLP83 (12) with 
those of Ga s (pLP122) , Ga l2 (pLPl21) . 

Strain constructions. Yeast strains were constructed, 
and growth media and culture conditions formulated 
according to standard procedures (13) . DNA-mediated 
transformation of yeast was carried out using the lithium 
acetate method. The yeast strains used as the basis for 
all experiments described in this report were constructed 
by sequential insertional deletion using recombinant 
alleles. Yeast strains that express SSTR5 were 
constructed by sequential DNA-mediated transformation of 
LY296 {MATa ura3-52 trplA63 his3A200 leu2Al ade2-101 
lys2-801 gpalAhisG farlALYS2 FUS1-HIS3 sst2AADE2, ref. 
12) with pJH19 followed by the Ga protein expression 
plasmids described above. 



Bioassay. Functional assay of SSTR5 expressed in yeast 
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was accomplished using modification of a standard 
procedure (12) . Yeast strains were grown overnight in 2 
ml synthetic complete liquid medium containing glucose (2 
%) and lacking uracil and tryptophan (SCD-ura-trp) 
medium, washed to remove residual glucose, and grown 
overnight in 5 ml SC Galactose (2 %)-ura-trp liquid 
medium. Molten (55 °C) SC Galactose (2 %) -ura-trp-his 
agar medium (30 pi, adjusted to pH 6*8 by addition of 
concentrated KOH or NH 4 OH prior to autoclaving) was 
inoculated with the overnight culture (2 xlO 4 cells/ml) 
and plated in square (9x9 cm) petri plates-. Sterile 
filter disks were placed on the surface of the solidified 
agar and saturated with 10 pi of sterile water containing 
the indicated amounts of the designated compounds. 
Plates were incubated at 30 °C for 3 days. Somatostatin 
(S-14, S-28), met-enkephalin, and CCK-8 were from Bachem. 
Oxymetazoline, isoproterenol, and carbachol were from 
Sigma . 

RESULTS 

Somatostatin dependent growth response of yeast cells 
expressing the SSTR5 . High level functional expression 
of the SSTR5 in yeast was a necessary prerequisite to the 
development of a useful bioassay. The SSTR5 cDNA was 
placed under the control of the GAL1 promoter in plasmid 
pJH19. This construct also* confers inducible 

overexpression of Gal4p, the transcriptional activating 
protein for galactose-inducible genes, resulting in 
significantly elevated levels of receptor protein in 
crude membrane fractions compared to receptor expressed 
from a plasmid lacking GAL4 sequences (data not shown) . 
SSTR5 sequences were introduced into pJH19 without 
modification of the protein coding sequences. 
Previously, King et a J . reported that replacement of the 
amino- terminal domain of the p 2 -adrenergic receptor with 
equivalent STE2 sequence was necessary for. efficient 
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receptor expression in yeast (15) . In contrast/ 
functional expression of SSTR5 in yeast does not require 
addition of any yeast sequences to the amino-terminus . 
A chimeric Get protein composed of the proposed amino- 
5 terminal (^-interaction domain from Gpalp and a carboxy- 

terminal receptor interaction domain from rat Goc i2 (pLPl21) 
under the control of the GPA1 promoter was constructed* 
A yeast strain (LY620) that contains expressed SSTR5 and 
chimeric Ga protein was assembled by transformation of a 

10 yeast strain (LY296) modified by deletion of genes 

encoding components of the mating signal transduction 
pathway with SSTR5 (pJH19) and Ga protein expression 
(pLP121) plasmids. A dose-dependent growth response of 
LY620 cells was evident around applied S-14 (Fig. 22) . 

15 Detectable growth responses were not observed in response 

to a variety of agonists selective for other G protein- 
coupled receptors (CCK-8, met-enkephalin, oxymetazoline, 
isoproteranol, carbachol) , nor by yeast cells lacking the 
SSTR5 (data not shown) . A detectable response was 

20 observed to 60 nmol of S-14. 
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Example 10 

Functional expression of the porcine somatostatin 
subtype 2 (SSTR2) receptor in yeast. 

The cyclic tetradecapeptide somatostatin is a 
potent inhibitor of secretion of several hormones, 
including growth hormone from the pituitary, glucagon and 
insulin from the pancreas, and gastrin from the gut. 
Somatostatin also acts as a neurotransmitter and has been 
shown to have broad modulatory effects in CNS and 
peripheral tissues (1) . The effects of somatostatin are 
transduced through binding of the hormone to high- 
affinity, plasma membrane localized somatostatin (SSTR) 
receptors (2). The SSTR's, encoded in five distinct 
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subtypes (SSTR1-5) , which account in part for tissue- 
specific differences in responses to somatostatin (3-11) , 
comprise a subfamily of the seven-transmembrane domain, 
G protein-coupled receptor superfamily that mediates 
responses to a broad variety of extracellular signals. 
Functional expression of porcine SSTR2 in yeast should 
permit rapid screening for new species and subtype- 
selective somatostatin agonists and compounds with 
antagonist properties and facilitate molecular 
characterization of structural aspects of the porcine 
SSTR2 required for rational design of new somatostatin 
ligands. Compounds identified in high-throughput, 
mechanism-based screens represent leads for new growth- 
enhancing agents for use in pigs. 

MATERIALS AND METHODS 

Plasmid constructions. All molecular 

biological manipulations were performed according to 
standard procedures (12) . The porcine SSTR2 (11) was 
cloned from a human brain cDNA library by PCR using 
oligonucleotide primers that introduce Bglll sites at 5 1 
and 3 1 ends (5 f AAAAGATCTAAAATGTCCATTCCATTTGAC, 3 f 
AAAAGGTACCAGATCTTCAGATACTGGTTTGGAG) . The porcine SSTR2 
expression plasmid, pJH18, was constructed by inserting 
the Bglll-digested PCR fragment in the correct 
orientation into BamHI cut pMP3 (13). 

Strain constructions. Yeast strains were 
constructed, and growth media and culture conditions 
formulated according to standard procedures (14) . DNA- 
mediated transformation of yeast was carried out using 
the lithium acetate method. The yeast strains used as 
the basis for all experiments described in this report 
were constructed by sequential insertional deletion using 
recombinant alleles. Yeast strains that express porcine 
SSTR2 were constructed by sequential DNA-mediated 
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transformation of LY296 (MATa ura3-52 trplA63 his3A200 
leu2Al ade2-101 lys2~801 gpalAhisG farlALYS2 FUS1-HIS3 
sst2AADE2 , ref. 13) with the chimeric G ai2 protein 
expression plasmid, pLP82 (13), followed by pJHl8 or 
pJH17. 

Radiolabeled agonist saturation binding assays* 

Crude yeast membrane extracts from late log phase 
cultures were prepared by glass-bead lysis and 
centrifugation at 40, 000 xg following a published 
procedure (15) . The protein content of crude membrane 
fractions was measured using the Biorad protein assay kit 
according to manufacturers instructions. Radioligand 
binding assays were conducted according to Strnad et al 
(10) using radiolabeled somatostatin ( 125 I-tyr n -S-14, 
Amersham) . Non-specific binding was defined as that 
observed in the presence of 1 pM S-14. Negligible 
specific binding was observed in membrane fractions made 
from cells lacking porcine SSTR2 (data not shown) . 

Bioassay. Functional assay of the porcine 
SSTR2 expressed in yeast was accomplished using 
modification of a standard procedure (13) . Yeast strains 
were grown overnight in 2 ml synthetic complete liquid 
medium containing glucose (2 %) and lacking uracil and 
tryptophan (SCD-ura-trp) medium, washed to remove 
residual glucose, and grown overnight in 5 ml SC 
Galactose (2 %)-ura-trp liquid medium. Molten (55 °C) SC 
Galactose (2 % ) -ura-trp-his agar medium (30 ml, adjusted 
to pH 6.8 by addition of concentrated KOH or NH 4 OH prior 
to autoclaving) was inoculated with the overnight culture 
(2 xlO 4 cells/ml) and plated in square (9x9 cm) petri 
plates. Sterile filter disks were placed on the surface 
of the solidified agar and saturated with 10 \xl of 
sterile water containing the indicated amounts of the 
designated compounds. Plates were incubated at 30 °C for 
3 days. Somatostatin (S-14, S-28), met-enkephalin were 
from Bachem. Oxymetazoline, isoproterenol, and carbachol 
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were from Sigma. MK678 and sandostatin were prepared 
synthetically. 

RESULTS 

Somatostatin binding to the porcine SSTR2 
expressed in yeast. High level functional expression of 
the porcine SSTR2 in yeast was a necessary prerequisite 
to the development of a useful bioassay. The porcine 
SSTR2 cDNA was placed under the control of the GAL1 
promoter in plasmid pJH17 and 18. These constructs also 
confer inducible overexpression of Gal4p, the 
transcriptional activating protein for galactose- 
inducible genes, resulting in significantly elevated 
levels of receptor protein in crude membrane fractions 
compared to receptor expressed from a plasmid lacking 
GAL4 sequences (data not shown) . The porcine SSTR2 
sequences were introduced into pJH18 without modification 
of the protein coding sequences. Previously, King et al. 
reported that replacement of the amino-terminal domain of 
the p 2 ~ ac * rener g ic receptor with equivalent STE2 sequence 
was necessary for efficient receptor expression in yeast 
(16) . In contrast, functional expression of porcine 
SSTR2 in yeast does not require addition of any yeast 
sequences to the amino- terminus . A chimeric Ga protein 
composed of the proposed amino-terminal Py-interaction 
domain from Gpalp and a carboxy- terminal receptor 
interaction domain from rat Ga i2 (pLP82) under the control 
of the GPA1 promoter was constructed. Yeast strains that 
contain expressed porcine SSTR2 and chimeric G B protein 
were assembled by transformation of a yeast strain 
(LY296) modified by deletion of genes encoding components 
of the mating signal transduction pathway with porcine 
SSTR2 (pJH17, pJHl8) and G a protein expression (pLP82) 
plasmids. 

Most G protein-coupled receptors exhibit both 
high and low agonist-dependent affinity states. High- 
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affinity agonist binding is dependent on functional 
association of receptor with a heterotrimeric G protein. 
If the receptor does not associate with, or is uncoupled 
from the G protein, agonist binding will be of low 
affinity and undetectable in radiolabeled agonist 
saturation binding assays. In crude yeast membrane 
fractions from cells bearing pJH17, the agonist 125 I-tyr u - 
S-14 bound to the porcine SSTR2 with high affinity and in 
a saturable manner, demonstrating that (1) a functional 
ligand-binding conformation of the porcine SSTR2 was 
expressed in yeast, and (2) the receptor functionally 
associated with the chimeric Ga protein, resulting in a 
high-affinity agonist binding state. The total number of 
125 I-tyr n -S-14 binding sites observed (B max =14 6 fmol/mg) was 
consistent with values obtained for the yeast a-mating 
pheromone receptor (200 fmol/mg, ref . 17) . 

The porcine SSTR2 retained agonist selectivity 
when expressed in yeast. A selective and sensitive 
bioassay was designed using a yeast strain (LY474) 
bearing the above described genetic modifications and 
plasmids conferring expression of the porcine SSTR2 

(pJH18) and a Gpal-Ga i2 chimeric protein (pLP82) . A dose- 
dependent growth response of LY474 cells was evident 
around applied S-14, MK678, and sandostatin (Fig. 23) . 
The assay was selective: the diameter of the growth 
zones was proportional to the reported affinity of the 
ligands for the porcine SSTR2 (S-14=MK678>sandostatin) 
reflecting the ability of the bioassay to discriminate 
between ligands of varying potency (18) . Detectable 
growth responses were not observed in response to a 
variety of agonists selective for other G protein-coupled 
receptors (met-enkephalin, oxymetazoline, isoproterenol, 
carbachol), nor by yeast cells lacking the porcine SSTR2 

(data not shown) . A detectable response was observed to 
as little as 60 pmol of S-14, illustrating the exquisite 
sensitivity of the bioassay. 
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5 

EXAMPLE 11 

Deletion of MSGS increases the sensitivity 
10 of response to agonist. 



The responsiveness of a signal transduction 
system to a persistent stimulus diminishes with time. 
This phenomenon, known as desensitization or adaptation, 

15 is a universal characteristic of signal response systems. 

Several molecular mechanisms for adaptation have been 
described for the yeast mating signal transduction 
pathway (1) . Mutations in the SST2 gene confer defects 
in adaptation and increased mating pheromone sensitivity 

20 (2,3). The response to applied somatostatin by yeast 

cells that functionally express the rat SSTR2 is greatly 
increased in sst2 mutant cells (4) . Mutations in others 
genes whose products play a role in the adaptation 
response would be expected to have similar effects. 

25 Mutations in the MSGS gene, which encodes a putative 

protein tyrosine phosphatase, cause increased sensitivity 
to mating pheromone (5) . In this study, deletion of MSGS 
in cells that express the rat SSTR2 greatly increases 
sensitivity to somatostatin. The effect of the MSGS 

30 mutation is additive with an SST2 deletion mutation. The 

double mutant sst2 msgS cells form the basis of an 
extremely sensitive bioassay for compounds that interact 
with G protein-coupled receptors and G proteins. 

35 MATERIALS AND METHODS 



Strain constructions. All molecular biological 
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manipulations were performed according to standard 
procedures (6). Yeast strains were constructed, and 
growth media and culture conditions formulated according 
to standard procedures (7) . DNA-mediated transformation 
of yeast was carried out using the lithium acetate 
method. The yeast strains used in these experiments were 
constructed using the recombinant msg5ALEU2 allele in 
pS/PDel and multicopy YEpMSGS (5) • Yeast strains bearing 
altered MSGS levels were constructed by DNA-mediated 
transformation of LY268 (MATa ura3-52 trplD63 his3D200 
leu2Dl ade2-101 lys2-801 gpalAhisG farlALYS2 FUS1-HIS3 
sst2AADE2, pJH2, pLP82) yielding MPY459 (LY268 msg5ALEU2 
sst2AADE2) and MPY467 (LY268 YEpMSGS) and LY288 (LY268 
SST2) yielding MPY458 (LY288 msg5ALEU2 SST2 ) and MPY466 
(LY288 YEpMSGS) (4) . 

Bioassay. Functional bioassay of the rat SSTR2 
expressed in yeast was accomplished using modification of 
a standard procedure (4). Yeast strains were grown 
overnight in 2 ml synthetic complete liquid medium 
containing glucose (2 %) and lacking uracil, tryptophan 
and leucine (SCD-ura-trp-leu) medium, washed to remove 
residual glucose, and grown overnight in 5 ml SC 
Galactose (2 %) -ura-trp-leu liquid medium. Molten (55 °C) 
SC Galactose (2 %) -ura-trp-leu-his agar medium (35 ml, 
adjusted to pH 6.8 by addition of concentrated NH 4 OH prior 
to autoclaving) was inoculated with the overnight 
culture (2 xlO 4 cells/ml) and plated in square (9x9 cm) 
petri plates. Sterile filter disks were placed on the 
surface of the solidified agar and saturated with 10 ]il 
of sterile water containing the indicated amounts of the 
somatostatin (S-14) . Plates were incubated at 30 °C for 
3 days. Somatostatin (S-14) was from Bachem. 

RESULTS 



Deletion of MSGS promotes increased sensitivity 
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to ligand. The effects of alterations in the expression 
of the MSGS gene product were assessed by comparing the 
growth response to S-14 by cells that express the rat 
SSTR2 (Fig. 24) . Mutations that abolish MSGS adaptation 
function would be expected to increase the sensitivity of 
the bioassay to applied S-14, while overexpression of 
MSGS should blunt the growth response. As expected, a 
dose-dependent growth response to applied S-14 was 
observed for LY288 (SST2 MSGS) . Consistent with 
expectations, deletion of the MSGS gene in MPY458 causes 
a substantial improvement in sensitivity of the bioassay. 
The growth response of MPY458 is comparable to that 
exhibited by LY268 (sst2AADE2, MSGS) . The effects of 
mutations in both genes was observed in the double mutant 
MPY459 (msg5ALEU2 sst2AADE2) which showed a further 
improvement in the growth response. Overexpression of 
MSGS in SST2 (MPY4 66) and sst2AADE2 (MPY4 67) strains 
severely reduced the growth response. 
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EXAMPLE 12. 

Functional expression of a human growth hormone 
release factor (GRF) receptor in yeast. 

The growth hormone release factor (GRF) is a 
potent stimulator of secretion of growth hormone from 
the pituitary (1) . The effects of GRF are transduced 
through binding of the hormone to high-affinity, plasma 
membrane localized GRF receptors. The GRF receptor and 
related secretin-class receptors comprise a subfamily of 
the seven-transmembrane domain, G protein-coupled 
receptor superf amily that mediates responses to a broad 
variety of extracellular signals, and are distinguished 
by the presence of a large amino-terminal ligand-binding 
domain (2) . Functional expression of the human GRF 
receptor (3) in yeast should permit rapid screening for 
new species-selective agonists and facilitate molecular 
characterization of structural aspects of the GRF 
receptor required for rational design of new GRF receptor 
ligands. GRF agonists represent a new class of growth 
promoting agents for use in agricultural animals and may 
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find human therapeutic application in the management of 
growth of children of short stature. 

MATERIALS AND METHODS 

Plasmid constructions. All molecular 

biological manipulations were performed according to 
standard procedures (4) . The human GRF receptor (3) was 
cloned from a human brain cDNA library by PGR using 
oligonucleotide primers that introduce BamHI sites at 5 f 
and 3 1 ends (5' ATAGGATCCAAAATGGACCGCCGGATGTGGGGG, 3 f 
ATATGGATCCCTAGCACATAGATGTCAG) . The GRF receptor 

expression plasmid, pJH25, was constructed by inserting 
the BamHI-digested PCR fragment in the . correct 
orientation into BamHI cut pMP3 (5) . The G a protein 
expression plasmids used in this study were constructed 
by replacing DNA sequences encoding the 47 carboxy- 
terminal amino acids of GPA1 in pLP83 (12) with those of 
Ga 3 (pLP122). 

Strain constructions. Yeast strains were 
constructed, and growth media and culture conditions 
formulated according to standard procedures (6) . DNA- 
mediated transformation of yeast was carried out using 
the lithium acetate method. The yeast strains used as 
the basis for all experiments described in this report 
were constructed by sequential insertional deletion using 
recombinant alleles. Yeast strains that express human 
GRF receptor were constructed by sequential DNA-mediated 
transformation of LY296 (AZATa ura3-52 trplA63 his3A200 
leu2Al ade2-101 lys2-801 gpalAhisG farlALYS2 FUS1-HIS3 
sst2AADE2, ref. 5) with pJH25, followed by the chimeric 
G as protein expression plasmid, pLP122 (5) . 

Bioassay. Functional assay of the human GRF 
receptor expressed in yeast was accomplished using 
modification of a standard procedure (5) . Yeast strains 
were grown overnight in 2 ml synthetic complete liquid 
medium containing glucose (2 %) and lacking uracil and 
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tryptophan (SCD-ura-trp) medium, washed to remove 
residual glucose, and grown overnight in 5 ml SC 
Galactose (2 %)-ura-trp liquid medium. Molten (55 °C) SC 
Galactose (2 %) -ura-trp-his agar medium (30 ml, adjusted 
5 to pH 6.8 by addition of concentrated KOH or NH 4 OH prior 

to' autoclaving) was inoculated with the overnight culture 
(2 xlO 4 cells/ml) and plated in square (9 x 9 cm) petri 
plates. Sterile filter disks were placed on the surface 
of the solidified agar and saturated with 10 ]il of 

10 sterile water containing the indicated amounts of the 

designated compounds. Plates were incubated at 30 °C for 
3 days. Human GRF (hGRF (1-29) -NH 2 ) , (D-ala 2 ) -hGRF (1- 
29)-NH 2 , and met-enkephalin were from Bachem. 
Oxymetazoline, isoproterenol, and carbachol were from 

15 Sigma. 



RESULTS 

GRF binding to the human GRF receptor expressed 
in yeast. High level functional expression of the human 

20 GRF receptor in yeast was a necessary prerequisite to the 

development of a useful bioassay. The GRF receptor cDNA 
was placed under the control of the GAL1 promoter in 
plasmid pJH25. These constructs also confer inducible 
overexpression of Gal4p, the transcriptional activating 

25 protein for galactose-inducible genes, resulting in 

significantly elevated levels of receptor protein in 
crude membrane fractions compared to receptor expressed 
from a plasmid lacking GAL4 sequences (data not shown) . 
The GRF receptor sequences were introduced into pJH25 

30 without modification of the protein coding sequences. 

Previously, King et al. reported that replacement of the 
amino-terminal domain of the b 2 -adrenergic receptor with 
equivalent STE2 sequence was necessary for efficient 
receptor expression in yeast (9) . In contrast, 

35 functional expression of GRF receptor in yeast does not 

require* addition of any yeast sequences to the amino- 
terminus. A chimeric Ga protein composed of the proposed 
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amino-terminal Py-interaction domain from Gpalp and a 
carboxy-terminal receptor interaction domain from rat G as 

(pLP122) under the control of the GPA1 promoter was 
constructed. Yeast strains that contain expressed GRF 
receptor and chimeric G a protein were assembled by 
transformation of a yeast strain (LY296) modified by 
deletion of genes encoding components of the mating 
signal transduction pathway with human GRF receptor 

(pJH25) and chimeric Gpal-Ga s protein expression (pLP122) 
plasmids . 

The human GRF receptor retained agonist 
selectivity when expressed in yeast. A selective and 
sensitive bioassay was designed using a yeast strain 

(CY990) bearing the above described genetic modifications 
and plasmids conferring expression of the human GRF 
receptor (pJH25) and a Gpal-Ga s chimeric protein 

(pLPl22) . A dose-dependent growth response of CY990 
cells was evident around an agonist analog of GRF [hGRF 

(1-29) -NH 2/ Fig.25A] which was inhibited by 
coadministration of an antagonist analog [ (D-arg 2 ) -hGRF 

(l-29)-NH 2/ Fig. 25B] . The assay was selective: 
detectable growth responses were not observed in response 
to a variety of agonists selective for other G protein- 
coupled receptors (met-enkephalin, oxymetazoline, 
isoproteranol, carbachol) , nor by yeast cells lacking the 
GRF receptor (data not shown) . A detectable response was 
observed to 20 nmol of GRF, illustrating the sensitivity 
of the bioassay. 
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EXAMPLE 13 

Overexpression of STE50 enhances the 
sensitivity of yeast bioassay. 

Several molecular mechanisms for adaptation 
have been described for the yeast mating signal 
transduction pathway (1) . Alterations to one or more of. 
these mechanisms should serve to enhance the sensitivity 
of a bioassay by altering desensitization pathways and, 
therefore, prolonging the signal initiated by agonist 
binding to receptor. The effects of an sst2 mutation on 
the sensitivity of the yeast bioassay were described 
previously (Example 6) . As an alternative to the genetic 
modification at sst2, overexpression of the yeast STE50 
gene was predicted to have similar effects (2), although 
by a different mechanism of action (2, 3) . The STE50 
gene was isolated and placed under the control of a 
strong constitutive promoter in a high-copy-number 
plasmid resulting in significant overexpression of the 
gene. Yeast engineered to respond to the mammalian 
hormone somatostatin through an expressed SSTR2 
somatostatin receptor were found to exhibit a more robust 
response to hormone if STE50 was overexpressed. 

MATERIALS AND METHODS 

Construction of STE50 expression plasmid. 

Growth of bacterial strains and plasmid manipulations 
were performed by standard methods (4) . The protein 
coding sequences for STE50 were amplified by polymerase 
chain reaction (PCR) using oligonucleotides selected by 
examination of the published sequence (2) . The sense 
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oligonucleotide (5'- GTCGACAAATCAG ATG GAG GAC GGT AAA 
CAG G -3 1 ) contained the translation start codon 
(underlined) and ■ a Sail restriction site and the 
antisense oligonucleotide (5 f - GAGCTCA TTA GAG TCT TCC 
ACC GGG GG -3') contained the translation stop codon 
(underlined) and a Sad restriction site. These 
oligonucleotides were used as primers in a standard PCR 
to amplify STE50 from Saccharomyces cerevisiae genomic 
DNA. The 1,100 basepair amplification product was cloned 
into the pCR2 vector (Invitrogen Corp., San Diego, CA) 
and confirmed by DNA sequencing. The STE50 sequences 
were then isolated on a Sall-SacI restriction fragment 
and cloned into a pADH expression vector (5), placing the 
expression of STE50 under the control of the strong 
constitutive ADH1 promoter. This plasmid was designated 
pOZ162. 

Yeast strain construction. Growth and 

transformation of yeast strains were performed as 
described by Rose et al. (6). The SSTR2 somatostatin 
receptor expression strain LY268 (MATa. ura3-52 trplA63 
his3A200 leu2Al ade2-101 lys2-801 gpalAhisG farlALYS2 
FUS1-HIS3 sst2AADE2, pJH2, pLP82) was described in prior 
examples and by Price et al. (7). Strain LY268 was 
transformed with either the STE50 expression plasmid 
pOZ162 or the pADH vector. These strains are denoted 
CY560 or CY562, respectively. 

Bioassay. Bioassay of SSTR2 somatostatin 
receptor expressed in yeast was described in prior 
examples and by Price et al. (7) . Briefly, yeast strains 
were grown overnight in 2 ml synthetic complete liquid 
medium containing glucose (2%) and lacking uracil, 
tryptophan and leucine (SCD-ura-trp-leu) , washed to 
remove residual glucose, and grown overnight in 5 ml SC 
Galactose (2%) -ura-trp- leu liquid medium. Molten (52° C) 
SC Galactose (2 %) -ura-trp-leu-his agar medium (30 ml, 
adjusted to pH 6.8 by addition of KOH prior to 
autoclaving) was inoculated with 0.06 ml of the overnight 



WO 95/21925 



PCT/US95/02075 



81 

culture to produce a final cell density of approximately 
10 5 cells/ml and poured in square (9x9 cm) petri plates. 
Sterile filter discs were placed on the surface of the 
solidified agar and saturated with 10 ]il of sterile water 
containing the indicated amounts of somatostatin- 14 
(Bachem Bioscience Inc., Philadelphia, PA) or a mating 
pheromone (Sigma, St. Louis, MO) . Plates were incubated 
at 30° C for 3 days. 

RESULTS 

The effect of STE50 overexpression on the 
sensitivity of the yeast bioassay was examined by 
comparing strains differing only in the level of STE50 
expression (Fig. 26) . Bioassay plates were made 
containing either the STE50 overexpression strain CY560 
or the control strain CY562. The responses of these 
strains to somatostatin or yeast pheromone were examined 
as described in Materials and Methods. Both strains had 
very weak responses to yeast pheromone because the wild- 
type yeast Get gene, GPA1, had been disrupted and 
functionally replaced by a gene expressing a chimeric 
Gpal/Ga l2 protein (7). This chimeric Ga protein does not 
efficiently interact with the yeast pheromone receptor. 
However, the response of these cells to somatostatin is 
strong (Fig, 26) . As predicted, the overexpression of 
STE50 resulted in a more robust response (Fig. 26a) . 
These data demonstrate that the overexpression of STE50 
produces a hypersensitivity to ligands acting through G 
protein-coupled receptors coupled to the yeast signal 
transduction pathway, even if the ligand and receptor 
originate from a heterologous source. 
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EXAMPLE 14 



IDENTIFICATION OF COMPOUNDS WITH SOMATOSTATIN 
RECEPTOR AGONIST AND/OR ANTAGONIST PROPERTIES 
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Novel subtype-selective compounds with 
somatostatin agonist properties have significant 
therapeutic potential in the detection and treatment of 
various types of cancer. Compounds with somatostatin 
antagonist properties may be useful in promoting growth 
hormone release in agricultural species. Increased 
growth hormone release may lead to useful improvements in 
growth performance and carcass quality. To these ends, 
a yeast-based mechanism-based screening assay was 
developed to assay compounds for those that possessed 
desirable somatostatin agonist and/or antagonist 
properties* 

Bioassay. A bioasssay designed to detect compounds with 
somatostatin agonist and/or antagonist properties was 
mobilized using a yeast strain (LY364 MATa ura3-52 
trplA63 his3A200 leu2Al ade2-101 lys2-801 gpalAhisG 
farlALYS2 FUS1-HIS33 sst2AADE2 / pJH2, pLP82) that 
functionally expressed the rate SSTR2 . The assay was 
accomplished using a modicication of a standard 
procedure. Y364 was grown overnight in 2 ml synthetic 
complete liquid medium containing glucose (2 %) and 
lacking uracil and typtophan (SCD-ura-trp) medium, washed 
to remove residual glucose, and grown overnight in 5 ml 
SC Galactose (2 %)-ura-trp liquid medium. Molten (55°C) 
SC Galactose (2 %) -ura-trp-his agar medium (150 ml, 
adjusted to pH 6.8 by addition of concentrated (2 x 10 4 
cells/ml) and plated in square (500 cm 2 ) petri plates For 
assay of antagonists, somatostatin (20 nM S-14) was added 
to the molten agar prior to pouring. Sterile filter 
disks were placed on the surface of the solidified agar 
and saturated with 10pl of sterile water containing 
candidate compounds. Plates were incubated at 30° C for 
3 days. 

Results. Active compounds from a primary screen were 
reassayed and the results displayed in Figure 27. The 
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left hand panel displays the results of an assay for 
compounds with somatostatin agonist properties . Four 
compounds exhibited substantial growth promoting activity 
expected of compounds with somatostatin agonist 
5 properties. The compounds found in the bottom left four 

positions are varying amounts of somatostatin applied as 
controls. The right hand panel displays the results of 
an assay for compounds with somatostatin antagonist 
activity. In the antagonist bioassay, somatostatin is 

10 added to the molten agar prior to pouring. In this way, 

all cells within the plate are induced to grow in 
response to somatostatin. As applied active compounds 
with antagonist properties diffuse into the agar medium 
and come into contact with the cells within, the growth 

15 response induced by somatostatin is interrupted, yielding 

a clear zone of inhibited growth. Several compounds 
exhibited detectable growth inhibiting properties. 



20 EXAMPLE 15 

Fusion of STE2 sequences to the amino terminal 
of SSTR2 reduces signaling efficiency in response to 
somatostatin . 

25 High level functional expression in yeast of G 

protein-coupled receptors in general, and the SSTR2 in 
particular, was a necessary prerequisite to the 
development of a useful biassay. King et al. reported 
that replacement of the amino-terminal domain of the p 2 - 

30 adrenergic receptor with equivalent STE2 sequence was 

necessary for efficient receptor expression in yeast. To 
test this hypothesis and the effect of STE2 sequences on 
expression of the somatostatin receptor in yeast, the rat 
SSTR2 cDNA was placed under the control of the GAL1 

35 promoter in plasmids pJHl and pJH2. These constructs 

confer inducible overexpression of Gal4p, the 
transcriptional activating protein for galactose- 
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inducible genes, resulting in significantly elevated 
levels of receptor protein in crude membrane franctions 
compared to receptor expressed from a plasmid lacking 
GAL4 sequences (data not shown) . In SSTR2 expression 
plasmid pJHl, DNA sequences encoding the first 13 amino 
acids of SSTR2 were replaced with coding sequence for the 
first 23 amino acids of STE2 (Fig. 11) . The rate SSTR2 
sequences were introduced into pJH2 without modification 
of the protein coding sequences. Yeast strains 
containing these constructs (LY322: MATa ura3-52 trplA63 
his3A200 leu2Al ade2-101 lys2-801 gpalAhisG farlALYS2 
FUSI-HIS3 sst2AADE2, pJHl, pLP82; LY268: MATa ura3-52 
trplA63 his3A200 ade2-101 lys2-801 gpalAhisG farlALYS2 
FUSI-HIS3 sst2AADE2, pJH2, pLP82) bear a plasmid- (pLp82) 
that confers expression of a chimeric Ga protein composed 
of the proposed amino-terminal fly-interaction domain from 
Gpalp and carboxy-terminal receptor interaction domain 
from rat G Bl2 under the control of the GPA1 promoter. The 
magnitude of the response of these strains to applied 
somatostatin (S-14) was measured (Fig. 28) . LY268 cells 
exhibited a robust growth response to applied S-14, 
demonstrating that rat SSTR2 does not require STE2 
sequences to be functionally expressed in yeast (Fig. 
28A) The growth response of LY268 cells was 

substantially greater than that exhibited by LY322 cells 
(Fig. 28B) . The sole difference between these strains is 
the presence of STE2 sequences in pJHl found in LY322. 
Thus, replacement of the amino terminum of SSTR2 with the 
equivalent segment of STE2 greatly reduces the efficiency 
of signalling in response to applied somatostatin. In 
spite of the observations of King et al., heterologous G 
protein-coupled receptors expressed in yeast do not 
require amino-terminal protein coding sequences from any 
yeast protein for functional expression. 
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What is claimed is: 

1. A transformed yeast cell comprising a first 
nucleotide sequence which codes for a heterologous 
G protein coupled receptor and a second nucleotide 
sequence which codes for all or a portion of a G 
protein complex. 

2. The transformed yeast cell of Claim 1, wherein said 
first nucleotide sequence is selected from the group 
consisting essentially of p2-adrenrgic receptor, a2- 
adrenergic receptor, 5HT-1A receptor, muscarinic 
acetylcholine receptor, growth hormone releasing 
factor receptor, cholecystokinin receptor, adenosine 
receptor, and somatostatin receptor. 

3. The transformed yeast cell of Claim 1, wherein said 
second nucleotide sequence codes for a Gee protein 
selected from the group consisting essentially of 
yeast Ga, heterologous Ga, and chimeric Go. 

4. The transformed yeast cell of Claim 2, wherein said 
second nucleotide sequence codes for a Ga protein 
selected from the group consisting essentially of 
yeast Ga, heterologous Ga, and chimeric Go. 

5. The transformed yeast cell of any of Claims 1-4 
further comprising a pheromone-responsive promoter 
and a reporter gene positioned downstream from the 
pheromone-responsive promoter and operatively 
associated therewith. 

6. The transformed yeast cell of any of Claims 1-4 
further comprising a pheromone-responsive promoter 
and a reporter gene positioned downstream from the 
pheromone-responsive promoter and operatively 
associated therewith, wherein said reporter gene is 
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selected from the group consisting essentially of 
HIS3, G418r,„_E7RA3, CYH2, LYS2, CAN1 and LacZ genes. 

7. The transformed yeast cell of any of Claims 1-4 
further comprising a reporter gene construct FUS1- 
HIS3. 

8. The yeast cell of any of Claims 1-4 further 
comprising at least one gene mutation selected from 
the group consisting essentially of fus3, farl, 
sst2, sgvl, ste2, ste3, pikl, msg5, sigl, afrl, and 
STE50. 

9. The yeast cell of Claim 8 wherein said mutation is 
a deletion. 

10. The yeast cell of Claim 8 wherein said mutation is 
an overexpression. 

11. The yeast cell of Claim 10 wherein said gene is 
STE50. 

12. The yeast cell of Claim 3 further comprising a 
mutation at a FAR1 gene in conjunction with at least 
one mutation at a gene selected from the group 
consisting essentially of SST2, STE50, SGV1, STE2, 
STE3, PIK1, MSGS, SIG1, and AFR1 . 

13. The yeast cell of Claim 12 further comprising a 
reporter gene construct. 

14. The yeast cell of Claim 13 wherein said reporter 
gene is FUS1-HIS3. 

15. The yeast cell of Claim 3 further comprising a 
mutation in a SCG1/GPA1 gene. 
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16. The yeast cell of Claims 3 or 13 wherein said 
heterologous Ga subunit comprises a subunit selected 
from the group consisting essentially of a Gs 
subunit, Gi subunit, Go subunit, Gz subunit, Gq, 
Gil, and G16. 

17. The yeast cell of Claims 3 or 13 wherein said Ga 
subunit is a chimeric subunit. 

18. The yeast cell of Claims 3 or 13 wherein said Gee 
subunit is a chimeric subunit comprising the amino 
terminal domain of yeast GPA1/SCG1 and the carboxy 
terminal domain of a heterologous Ga i2 . 

19. The yeast cell of Claims 3 or 13 wherein said Ga 
subunit is Ga 12 and a G0y complex is an endogenous 
yeast GPy complex. 

20. The yeast cell of Claim 1 further comprising at 
least a portion of a nucleotide sequence encoding 
for a yeast G protein coupled receptor positioned 
upstream to said nucleotide sequence encoding for 
said heterologous G protein receptor and operatively 
associated therewith, to encode for a chimeric G 
protein coupled receptor. 

21. The chimeric receptor of Claim 20 wherein said 
nucleotide sequence encoding for all or a portion of 
a yeast G protein coupled receptor comprises a yeast 
gene selected from the group consisting essentially 
of the group consisting of STE2 and STE3. 

22. The yeast cell of Claim 21 further comprising a 
nucleotide sequence encoding a chimeric G protein 
comprising yeast nucleotide sequences and sequences 
froma heterologous G protein. 
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23. The yeast cell of any of Claims 3, 14 , and 20 
further comprising a heterologous GpY complex. 

24. A chimeric G protein coupled receptor encoded by the 
nucleotide sequence of Claim 20. 

25. A nucleotide expression vector capable of expressing 
a heterologous G protein-coupled receptor into a 
cell membrane of a yeast cell. 

26. A nucleotide expression vector of Claim 25 further 
capable of expressing Get, P, and y proteins into a 
yeast cell. 

27. A method of assaying compounds to determine effects 
of ligand binding to a heterologous G protein 
coupled receptor expressed on the surface of yeast 
cells comprising the steps of: 

a) providing a culture of the transformed yeast 
cell of Claim 1; 

b) contacting a selected compound to said cells to 
allow binding of said compound to the . 
heterologous G protein receptor expressed on 
the cell surface; and 

c) determining the growth of said cells as an 
indication of the activation of the 
heterologous G protein coupled receptor upon 
binding of said compound. 

28. The method of assaying compounds of Claim 27 to 
determine effects on cell growth comprising: 

(a) providing cultures of the yeast cell of Claim 
1 by plating the yeast cells in agar medium 
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comprising a cognate agonist for a 
heterologously expressed receptor; 

(b) applying selected compounds to the agar plate; 
and 

(c) identifying compounds that inhibit agonist 
dependent activation of the heterologous 
receptor. 

29 . The transformed yeast cell of any of Claims 1-4 
further comprising a reporter system selected from 
the group consisting essentially of heterologous 
adenylylcyclase, heterologous G protein-coupled 
potassium channel, and heterologous PLC- p. 
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CONSTITUTIVELY ACTIVATED SEROTONIN RECEPTORS 

The benefit of U.S. Provisional Application No. 60/039,465 filed February 
27, 1997, and U.S. Provisional Application No. 60/061,268 filed October 7, 
1997 is claimed for this application. 
5 BACKGROUND OF THE INVENTION 

Field Of The Invention 

The present invention relates generally to the field of transmembrane 
receptors, more particularly to seven segment transmembrane G protein-coupled 
receptors, and most particularly to the serotonin (5-HT) receptors. Through 

10 genetic mutational techniques, the amino acid sequences of the native 5-HT 2A and 
5-HT 2C receptors have been modified so that the receptors exist in a constitutively 
activated state exhibiting both a greater response to agonists and a coupling to 
the G Protein second messenger system even in the absence of agonist. A 
method for constitutively activating G protein-coupled 5-HT receptors in general is 

15 also disclosed. 

Description Of Related Art 

The research interest in G protein-coupled cell surface receptors has 
exploded in recent years as it has been apparent that variants of these receptors 
play a significant role in the etiology of many severe human diseases. These 

20 receptors serve a diverse array of signalling pathways in a wide variety of cells 
and tissue types. Indeed, over the past 20 years, G protein-coupled receptors 
have proven to be excellent therapeutic targets with the development of several 
hundred drugs directed towards activating or deactivating them. 

G protein-coupled receptors form a superfamily of receptors which are 

25 related both in their structure and their function. Structurally the receptors are 
large macromolecular proteins embedded in and spanning the cell membrane of 
the receiving cell and are distinguished by a common structural motif. All the 
receptors have seven domains of between 22 to 24 hydrophobic amino acids 
forming seven a helixes arranged in a bundle which span the cell membrane 

30 substantially perpendicular to the cell membrane. The transmembrane helixes are 
joined by chains of hydrophilic amino acids. The amino terminal and three 
connecting chains extend into the extracellular environment while the carboxy 
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terminal and three connecting chains extend into the intracellular environment. 
Signalling molecules are believed to be recognized by the parts of the receptor 
which span the membrane or lie on or above the extracellular surface of the cell 
membrane. The third intracellular loop joining helixes five and six is thought to be 
5 the most crucial domain involved in receptor/G protein coupling and responsible 
for the receptor selectivity for specific types of G proteins. 

Functionally, all the receptors transmit the signal of an externally bound 
signalling molecule across the cell membrane to activate a heterotrimeric 
transducing protein which binds GDP (guanosine diphosphate). Upon activation, 

10 the bound GDP is converted to GTP (guanosine triphosphate). The activated G 
protein complex then triggers further intracellular biochemical activity. Different G 
proteins mediate different intracellular activities through various second 
messenger systems including, for example, 3'5'-cyclic AMP (cAMP), 3'5'-cyclic 
GMP (cGMP), 1,2-diacylglycerol, inositol 1 ,4,5-triphosphate, and Ca 2+ . Within the 

15 human genome, several hundred G protein-coupled receptors have been identified 
and endogenous ligands are known for approximately 100 of the group. While the 
seven transmembrane motif is common among the known receptors, the amino 
acid sequences vary considerably, with the most conserved regions consisting of 
the transmembrane helixes. 

20 Binding of a signalling molecule to a G protein-coupled receptor is believed 

to alter the conformation of the receptor, and it is this conformational change 
which is thought responsible for the activation of the G protein. Accordingly, G 
protein-coupled receptors are thought to exist in the cell membrane in equilibrium 
between two states or conformations: an "inactive" state and an "active" state. 

25 In the "inactive" state (conformation) the receptor is unable to link to the 

intracellular transduction pathway and no biological response is produced. In the 
altered conformation, or "active" state, the receptor is able to link to the 
intracellular pathway to produce a biological response. Signalling molecules 
specific to the receptor are believed to produce a biological response by 

30 stabilizing the receptor in the active state. 

Discoveries over the past several years have shown that G protein-coupled 
receptors can also be stabilized in the active conformation by means other than 
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binding with the appropriate signal molecule. Four principal methods have been 
identified: 1) molecular alterations in the amino acid sequence at specific sites; 2) 
stimulation with anti-peptide antibodies; 3) over-expression in in vitro systems; 
and 4) over-expression of the coupling G proteins. These other means simulate 
5 the stabilizing effect of the signalling molecule to keep the receptor in the active, 
coupled, state. Such stabilization in the active state is termed "constitutive 
receptor activation". 

Several features distinguish the constitutively activated receptors. First, 
they have an affinity for the native signalling molecule and related agonists which 

10 is typically greater than that of the native receptors. Second, where several 
known agonists of varying activity (to the native receptor) were known, it was 
found that the greater the initial activity of the agonist, the greater was the 
increase in its affinity for the constitutively activated receptor. Third, the affinity 
of the constitutively activated receptor for antagonists is not increased over the 

15 affinity for the antagonist of the native receptor. Fourth, the constitutively 
activated receptors remain coupled to the second messenger pathway and 
produce a biological response even in the absence of the signalling molecule or 
other agonist. 

The importance of constitutively activated receptors to biological research 
20 and drug discovery cannot be overstated. First, these receptors provide an 
opportunity to study the structure of the active state and provide insights into 
how the receptor is controlled and the steps in receptor activation. Second, the 
constitutively active receptors allow study of the mechanisms by which coupling 
to G proteins is achieved as well as how G protein specificity is determined. 
25 Third, mutated constitutively active receptors are now recognized in disease 
states. Study of constitutively activated receptors has demonstrated that many 
mutations may lead to constitutive activation and that a whole range of activation 
is possible. 

Fourth, the existence of constitutively active receptors provides a novel screening 
30 mechanism with which compounds which act to increase or decrease receptor 
activity can be identified and evaluated. Such compounds may become lead 
compounds for drug research. Finally, studying the affect of classical antagonists 
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(compounds previously identified as, in the absence of agonist, binding to the 
receptor but causing no change in receptor activitiy, and, in the presence of 
agonist, competitively decreasing the activity of a receptor) and other drugs used 
as treatments on the constitutively active receptors has led to the discovery that 
5 there are compounds, inverse agonists, which decrease the constitutive activity 
of the active state of the receptors but which have no or little affect on the 
inactive state. The difference between antagonists, which act on the inactive 
state, and inverse agonists, which act on the active state, is only discernable 
when the receptor exhibits constitutive activity. These inverse agonists, 
10 identifiable with constitutively active receptors, present an entirely new class of 
potential compounds for drug discovery. 

About 10 years ago, it was recognized that neurotransmitter receptors can 
be divided into two general classes depending on the rapidity of their response. 
Fast receptors were identified with ion channels and mediate millisecond 
1 5 responses while slower receptors were identified with G protein-coupled 

receptors. These G protein-coupled receptors include certain subtypes of the 
adrenergic as well as the muscarinic cholinergic (M1 - M5), dopaminergic (D1 - 
D5), serotonergic (5-HT1, 5-HT2, 5-HT4 - 5-HT7) and opiate [6, k, and //) 
receptors. Each of these G protein-coupled neurotransmitter receptors has been 
20 associated with profound changes in mental activity and functioning, and it is 
believed that abnormal activity of these receptors may contribute to certain 
psychiatric disorders. Consequently, the elucidation of the mechanism of action 
of these receptors has been the focus of vigorous research efforts. 

Serotonin receptors are of particular importance. Serotonin-containing cell 
25 bodies are found at highest density in the raphe regions of the pons and upper 
brain stem. However, these cells project into almost all brain regions and the 
spinal column. Serotonin does not cross the blood-brain barrier and is synthesized 
directly in neurons from L-tryptophan. In the CNS serotonin is thought to be 
involved in learning and memory, sleep, thermoregulation, motor activity, pain, 
30 sexual and aggressive behaviors, appetite, neuroendocrine regulation, and 
biological rhythms. Serotonin has also been linked to pathophysiological 
conditions such as anxiety, depression, obsessive-compulsive disorders, 
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schizophrenia, suicide, autism, migraine, emesis, alcoholism and 
neurodegenerative disorders. Presently several drugs are used to modify serotonin 
receptors: 1) 5-HT1: sumatriptan for treatment of migraine, ipsapirone and 
buspirone for treatment of anxiety; 2) 5-HT2: clozapine and risperidone for 
5 treatment of schizophrenia; and 3) 5-HT3: odanestron for the prevention of 
emesis in chemotherapy. 

To date, fourteen serotonin receptors have been identified in 7 subfamilies 
based on structural homology, second messenger system activation, and drug 
affinity for certain ligands. The 5-HT 2 subfamily is divided into 3 classes: 5-HT 2A , 

10 5-HT 2B , and 5-HT 2C . 5-HT 2A and 5-HT 2C receptor antagonists are thought to be 

useful in treating depression, anxiety, psychosis, and eating disorders. 5-HT 2A and 
5-HT 2C receptors exhibit 51% amino acid homology overall and approximately 
80% homology in the transmembrane domains. The 5-HT 2C receptor was cloned 
in 1987 and led to the cloning of the 5-HT 2A receptor in 1990. Studies of the 5- 

15 HT 2A receptor in recombinant mammalian cell lines revealed that the receptor 
possessed two affinity states, high and low. Both the 5-HT 2A and 5-HT 2C 
receptors are coupled to phospholipase C and mediate responses through the 
phosphatidylinositol pathway. Studies with agonists and antagonists display a 
wide range of receptor responses suggesting that there is a wide diversity of 

20 regulatory mechanisms governing receptor activity. The 5-HT 2A and 5-HT 2C 

receptors have also been implicated as the site of action of hallucinogenic drugs. 

Much of the knowledge about the structure of G protein-coupled receptors 
has come from the study of the ^-adrenergic receptor. Over the last several 
years, site-directed mutagenesis has been used to try to determine the amino acid 

25 residues important for ligand binding in both the ^-adrenergic and 5-HT 2A 

receptors. In addition, studies have suggested that in a native (inactive) state of 
G protein-coupled receptors, the third intracellular loop is tucked into the receptor 
and is not available for interaction with the G protein. A change of receptor 
conformation (active) results in the availability or exposure of the C-terminal 

30 region of the third intracellular loop. 

In 1990 Cotecchia et al. 1 were studying the G protein specificity 
determining characteristics of the third intracellular loop by creating chimeric 
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receptors in which the third intracellular loops had been exchanged between the 
^-adrenergic receptor and the ^-adrenergic receptor. The specific G protein 
coupled activation was essentially switched between the two receptors. While 
attempting to determine which portions of the loop were responsible for the 
specificity, Cotecchia et al. discovered an unexpected phenomena; namely that 
the modification in the third intracellular loop of the ^-adrenergic receptor of 
three residues, Arg288, Lys290, and Ala293, created a mutant receptor with two 
orders of magnitude greater affinity for agonist and which coupled to the second 
messenger system even in the absence of agonist. These modifications were 
made in the carboxy end of the third cytoplasmic loop adjacent to the sixth 
transmembrane helix. The changes responsible for this increase were isolated to 
either a Ala293 Leu or a Lys290 -* His mutation. Thus, a constitutively active 
state of a G protein-coupled neuroreceptor had been created. Subsequently, 
Kjelsberg et al. 2 demonstrated that mutation of the amino acid at position 293 in 
the a 1B -adrenergic receptor to any other of the 19 amino acids also produced a 
constitutively active state. Subsequently, mutations in the ^-adrenergic receptor 
near the carboxy end of the third cytoplasmic loop have also been shown by 
Samama et al. 3 to constitutively activate this receptor. 

When foci resulting from constitutively active a 1B -adrenergic receptors were 
injected into nude mice, tumor formation occurred. Over the past 5 years, since 
the discovery that several thyroid adenomas contained mutations of the thyroid 
stimulating hormone (TSH) receptor, constitutively activated receptors have been 
found associated with several human disease states. The mutations responsible 
for these disease states have been found in the transmembrane domains and 
intracellular loops. For the TSH receptor, mutations at 13 different amino acid 
positions have been found in the transmembrane domain, the third intracellular 
loop, and the second and third extracellular loops. Clearly, constitutively 
activating mutations are not limited to the third intracellular loop and the critical 
site for constitutive activation varies with each G protein-coupled receptor. The 
importance of the initial observations was well stated in Cotecchia et al. 1 : "Such 
mutations might not only help to illuminate the biochemical mechanisms involved 
in receptor-G protein coupling but also provide models for how point mutations 
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might activate potentially oncogenic receptors." 

In light of the above referenced discoveries, the importance and utility of 
discovering other constitutively activated neuronal receptors cannot be 
understated. However, the hope that other neuronal receptors could be easily and 
5 readily mutated to a constitutively active form by mutations in the third 

cytoplasmic loop was destroyed by the report of Burstein et al. 4 in 1995 of a 
comprehensive mutational approach to the G protein coupled M5 muscarinic 
acetylcholine receptor. In that approach, Burstein et al. had randomly and 
comprehensively mutated the C-terminal region of the third intracellular loop of 
10 the M5 muscarinic acetylcholine receptor, but no constitutive activating 
mutations were found. 

Definition : CONSTITUTIVELY ACTIVATED RECEPTOR shall mean a G protein- 
coupled receptor which: 1) exhibits an increase in basal activity of the second 
messenger pathway in the absence of agonist above the level of activity observed 

15 in the wild type receptor in the absence of agonist; 2) may exhibit an increased 
affinity and potency for agonists; 3) exhibits an unmodified or decreased affinity 
for antagonists; and 4) exhibits a decrease in basal activity by inverse agonists. 

SUMMARY OF THE INVENTION 
Constitutively active forms of the rat 5-HT 2A and 5-HT 2C serotonin receptors 

20 have been obtained by a site-directed mutational method that will permit the 

constitutive activation of all mammalian G protein-coupled serotonin receptors. An 
amino acid position that will lead to a successful mutation in the serotonin 
receptor may be identified by alignment of the serotonin receptor against the 
amino acid sequence of the <r 1B -adrenergic receptor. Mutating the amino acid in 

25 the serotonin receptor which corresponds to the most sensitive position in the 
a 1B -adrenergic receptor, alanine 293 # yields a constitutively active serotonin 
receptor. A strongly constitutively active serotonin receptor is achieved when the 
mutation in the serotonin receptor is to one of the amino acids which produces 
the highest level of basal activation in constitutively activated a 1B -adrenergic 

30 receptors. Successful constitutive activation of the serotonin receptor can be 

shown by increased high basal levels of second messenger activity in the absence 
of agonist, increased affinity and potency for agonists, and an unmodified or 
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decreased affinity for antagonists. While standard methods of site-directed 
mutagenesis may be employed, the careful placement of restriction sites in the 
primer permits the more rapid and direct determination of the clone containing the 
desired mutated receptor. 
5 It is the object of this invention to provide a general methodology for 

obtaining constitutive^ active forms of the G protein-coupled mammalian 
monoamine receptors. 

It is a further object of this invention to provide a general methodology for 
obtaining constitutively active forms of the G protein-coupled mammalian 
10 serotonin receptors. 

It is another object of this invention to provide a constitutively active 5- 
HT 2A serotonin receptor. 

It is a further object of this invention to provide a constitutively active 5- 
HT 2C serotonin receptor. 
15 Yet another object of this invention is to provide a method for rapidly 

identifying the clone containing the desired mutated receptor. 

These and other achievements of the present invention will become 
apparent from the detailed description which follows. 

DESCRIPTION OF THE FIGURES 
20 Figure 1 A shows the full DNA sequence for the rat 5-HT 2A serotonin 

receptor including the 5' and 3' untranslated regions with the translated codons 
underlined. Figure 1B shows the translated amino acid sequence for the rat 5- 
HT 2A receptor. 

Figure 2A shows the full DNA sequence for the rat 5-HT 2C serotonin 
25 receptor including the 5' and 3' untranslated regions with the translated codons 
underlined. Figure 2B shows the translated amino acid sequence for the rat 5- 
HT 2C receptor. 

Figure 3A shows the full DNA sequence for the rat a 1B -adrenergic receptor 
including the 5' and 3' untranslated regions with the translated codons 
30 underlined. Figure 3B shows the translated amino acid sequence for the rat a 1B - 
adrenergic receptor. 

Figure 4 shows the amino acid sequences for part of the C-terminal third 
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intracellular loop and transmembrane domain VI for the 5-HT 2A and 5-HT 2C 
receptors aligned opposite the corresponding part of the a lb -adrenergic receptor 
with numerals representing the amino acid positions in each receptor. 

Figure 5 shows a schematic outline of the 5-HT 2A site-directed mutagenesis 
5 procedure. 

Figure 6 shows a schematic outline of the 5-HT 2C site-directed mutagenesis 
procedure. 

Figure 7 shows the competition curves of 5-HT for 3 H-ketanserin labeled 
native and mutant 5-HT 2A receptors. 0.5nM 3 H-ketanserin was used to label the 
10 native and mutant receptors transiently transfected in COS-7 cells. 

Figure 8 shows the radioligand binding data of 3 H-ketanserin labeled native 
and mutant 5-HT 2A receptors in the presence of agonists and antagonists. 0.5 nM 
3 H-ketanserin was used to label the native and mutant 5-HT 2A receptors 
expressed in COS-7 cells. 
15 Figure 9 shows the stimulation of IP production in COS-7 cells expressing 

native or mutant 5-HT 2A receptors. IP production assays were performed using 
anion-exchange chromatography. The data are expressed as percent of maximal 
IP stimulation produced by 10 jjM 5-HT. 

Figure 10 shows the basal activity and 5-HT stimulation of the native and 
20 mutant 5-HT 2A receptors. IP levels were measured in COS-7 cells with vector 
alone, native 5-HT 2A receptors, or mutant 5-HT 2A receptors. The data are 
expressed as dpms of IP stimulation minus basal levels of IP produced by vector. 
Basal activity of vector alone was typically 400 dpms. 

Figure 1 1 shows a saturation analysis of 3 H-ketanserin labeled native and 
25 cys -* lys mutant receptors. Bmax values were determined by a BCA assay. 

Figure 12 shows the competition curves of 5-HT for 3 H-mesulergine labeled 
native and mutant 5-HT 2C receptors. 1 nM 3 H-mesulergine was used to label the 
native and mutant receptors transiently transfected in COS-7 cells. 

Figure 13 shows the radioligand binding analysis of native and mutant 5- 
30 HT 2C receptors. Native and mutant 5-HT 2C receptors expressed in COS-7 cells 
were labeled with 1 nM 3 H-mesulergine. 5-MT = 5-methoxytryptamine. 

Figure 14 shows the 5-HT stimulation of IP production in COS-7 cells 
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transfected with the ser lys or ser -* phe mutated receptors. Cells were labeled 
with 3 H-myoinositol and challenged with 5-HT (0.1 nM - 10 nM). Total IP 
production was measured by anion exchange chromatography. 

Figure 15 shows the EC 50 values for the 5-HT stimulation of IP production 
5 in COS-7 cells transfected with native, mutant ser lys receptor, and mutant ser 
-* phe receptor. Figure 15 also shows the results of 3 H-mesulergine saturation 
analyses. Saturation experiments were performed using 3 H-mesulergine (0.1 nM - 
5.0 nM). 

Figure 1 6 shows the effect of the ser -* lys and ser -> phe mutations on 
10 basal levels of IP production by the mutated 5-HT 2c receptors. IP levels were 

measured in COS-7 cells with vector alone, native 5-HT 2c receptors, or mutant 5- 

HT 2C receptors. The data are expressed as dpms of IP stimulation minus basal 

levels of IP produced by vector. 

Figure 17 shows the inverse agonist activity of spiperone and ketanserin on 
15 the mutated constitutively active 5-HT 2A cys lys receptor. Parallel transfections 

with the native 5-HT 2A receptor were performed to determine native basal activity 

which was then subtracted from the mutant receptor basal activity to determine 

constitutive stimulation. 

Figure 18 shows the inverse agonist activity of chlorpromazine, haloperidol, 
20 loxapine, spiperone, clozapine and risperidone on the mutated constitutively 

active 5-HT 2A cys -* lys receptor. 

Figure 19 shows the inverse agonist activity of mianserin and mesulergine 

on the mutated constitutively active 5-HT 2C ser lys receptor both in the 

presence and absence of 5-HT. 
25 Figure 20A sets forth the full DNA sequence for the human 5-HT 2A 

serotonin receptor with the translated codons underlined. The sixth 

transmembrane domain conserved sequence of WxPFFI is indicated with block 

letters. Figure 20B shows the translated amino acid sequence for the human 5- 

HT 2A receptor. 

30 Figure 21 A sets forth the full DNA sequence for the human 5-HT 2c 

serotonin receptor with the translated codons underlined. The sixth 
transmembrane domain conserved sequence of WxPFFI is indicated with block 
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letters. Figure 21 B shows the translated amino acid sequence for the human 5- 
HT 2C receptor. 

Figure 22 is the amino acid sequence of the 5-HT 2A cys -» lys mutant 
receptor with the mutated amino acid shown as a larger outlined letter. 
5 Figure 23 is the DNA sequence of the 5-HT 2A cys -> lys mutant receptor 

including the 5' and 3' untranslated regions with the translated codons 
underlined. The bases specifying the #322 lysine mutant are shown as larger 
outlined letters, and the starting and ending locations of the primer are also 
indicated. 

10 Figure 24 is the DNA sequence of the 5-HT 2A cys -* lys mutant receptor 

including the 5' and 3' untranslated regions with the translated codons 
underlined. The bases specifying the #322 lysine mutant are shown as larger 
outlined letters, and the starting and ending locations of the primer are also 
indicated. In addition the two bases which were mutated to create the Seal site 

15 are shown as larger outlined letters and are indicated with arrows. 

Figure 25 is the amino acid sequence of the 5-HT 2A cys -> arg mutant 
receptor with the mutated amino acid shown as a larger outlined letter. 

Figure 26 is the DNA sequence of the 5-HT 2A cys -> arg mutant receptor 
including the 5' and 3' untranslated regions with the translated codons 

20 underlined. The bases specifying the #322 arginine mutant are shown as larger 
outlined letters, and the starting and ending locations of the primer are also 
indicated. 

Figure 27 is identical to Figure 26 since the AGG mutation introduced for 
arginine creates an Mnl1 restriction site by itself at #319. 
25 Figure 28 is the amino acid sequence of the 5-HT 2A cys -» glu mutant 

receptor with the mutated amino acid shown as a larger outlined letter. 

Figure 29 is the DNA sequence of the 5-HT 2A cys -* glu mutant receptor 
including the 5' and 3' untranslated regions with the translated codons 
underlined. The bases specifying the #322 glutamic acid mutant are shown as 
30 larger outlined letters, and the starting and ending locations of the primer are also 
indicated. 

Figure 30 is the DNA sequence of the 5-HT 2A cys -* glu mutant receptor 
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including the 5' and 3' untranslated regions with the translated codons 
underlined. The bases specifying the #322 glutamic acid mutant are shown as 
larger outlined letters, and the starting and ending locations of the primer are also 
indicated. In addition the additional base which was mutated to create the Rsa1 
5 site is shown as a larger outlined letter and is indicated with an arrow. 

Figure 31 is the amino acid sequence of the 5-HT 2C ser -» lys mutant 
receptor with the mutated amino acid shown as a larger outlined letter. 

Figure 32 is the DNA sequence of the 5-HT 2c ser -> lys mutant receptor 
including the 5' and 3' untranslated regions with the translated codons 
10 underlined. The bases specifying the #312 lysine mutant are shown as larger 
outlined letters, and the starting and ending locations of the primer are also 
indicated. 

Figure 33 is the DNA sequence of the 5-HT 2C ser lys mutant receptor 
including the 5' and 3' untranslated regions with the translated codons 
15 underlined. The bases specifying the #312 lysine mutant are shown as larger 
outlined letters, and the starting and ending locations of the primer are also 
indicated. In addition the base which was mutated to create the Seal site is 
shown as a larger outlined letter and is indicated with an arrow. 

Figure 34 is the amino acid sequence of the 5-HT 2C ser -> phe mutant 
20 receptor with the mutated amino acid shown as a larger outlined letter. 

Figure 35 is the DNA sequence of the 5-HT 2C ser -* phe mutant receptor 
including the 5' and 3' untranslated regions with the translated codons 
underlined. The bases specifying the #312 phenylalanine mutant are shown as 
larger outlined letters, and the starting and ending locations of the primer are also 
25 indicated. 

Figure 36 is the DNA sequence of the 5-HT 2c ser -» phe mutant receptor 
including the 5' and 3' untranslated regions with the translated codons 
underlined. The bases specifying the #312 phenylalanine mutant are shown as 
larger outlined letters, and the starting and ending locations of the primer are also 
30 indicated. In addition the base which was mutated to create the Seal site is 
shown as a larger outlined letter and is indicated with an arrow. 
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DETAILED DESCRIPTION OF THE INVENTION 

Despite the disappointing results obtained by Burstein in mutating positions 
in the third intracellular loop of the M5 muscarinic acetylcholine receptor, the 
present inventive efforts focused on finding mutations at the carboxy end of the 
5 third intracellular loop near the sixth transmembrane helix in the serotonin 
receptors. DNA and amino acid sequences for rat 5-HT 2A and 5-HT 2C serotonin 
receptors were obtained from GeneBank as was the DNA and amino acid 
sequence for the o 1B -adrenergic receptor. Figures 1 , 2, and 3 list the full DNA and 
translated amino acid sequences for these receptors. 
10 Receptor Alignment: 

As noted above, Cotecchia et al. had identified amino acid position number 
293 in the third intracellular loop adjoining the sixth transmembrane domain in the 
a 1B -adrenergic receptor as a critical position, mutation of which lead to 
constitutive activity. However, the length of the serotonin receptors is different 

15 than the o 1B -adrenergic receptor, and even had they been the same, matching the 
ends would not necessarily provide a structural or functional match. What was 
important was to find an alignment method which made sense in terms of 
locating the equivalent functional site to position 293 of the a 1B -adrenergic 
receptor in the serotonin receptors. 

20 A meaningful alignment method has been discovered based upon the fact 

that the transmembrane domains are highly conserved in G protein-coupled 
receptors. A series of conserved amino acid positions were identified in the sixth 
transmembrane domain which permit alignment of the transmembrane domain 
and the adjacent third intracellular loop between receptors. In Figure 5 the 

25 conserved sixth transmembrane domain amino acid sequence WxPFFI (x may be 
variable) has been used to align the three receptors. Alignment using this 
sequence also aligns the LGIV sequence found at the intracellular beginning of the 
sixth transmembrane domain which is connected to the third intracellular loop. 
This alignment indicates that in the 5-HT 2A receptor the cysteine at position #322 

30 corresponds to the alanine at position #293 in the a 1B -adrenergic receptor. In the 
5-HT 2c receptor, the corresponding amino acid is a serine at position #312. 
It should be noted that position 293 is not the only position in the a - 

1 B 
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adrenergic receptor which, when mutated, produced a constitutively active 
receptor. While Cotecchia et al. 1 reported that the A293L mutation produced the 
greatest constitutive activation, they also noted that the K290H mutation also 
induced dramatic constitutive activity. There are clearly other sites in the third 

5 intracellular loop of each of these receptors that can be mutated. In the future, 
other sites on other receptors may be reported. However, the alignment 
methodology presented above should serve to permit the structural correlation 
between different receptors so that information gleaned from one receptor may 
be utilized to mutate another receptor. However, the evidence presently available 

10 suggests that the third position removed from the beginning of the 

transmembrane domain represented by position 293 in the a 1B -adrenergic receptor 
seems to play a crucial role in the binding and activation of the coupled G protein, 
and that mutations introduced at that position alter the tertiary structure of the 
region. 

15 As noted earlier, Kjelsberg et al. 2 further demonstrated that substitution of 

any of the 19 amino acids at position 293 of the a 1B -adrenergic receptor produced 
constitutive activity. However, the relative activity increased in the following 
order of amino acids: S, N, D, G, T, H, W, Y. P, V, L, M, Q, I, F, C, R, K, and E. 
In that study, replacing the native amino acid with amino acids having long basic 
20 or acidic side chains produced the greatest degree of constitutive activity, while 
amino acids with aromatic substituents produced an intermediate degree of 
constitutive activity. It is proposed that this order, with minor variations, exists 
for most G protein-coupled receptors due to the importance of the third position 
removed from the beginning of the transmembrane domain. A reasonable starting 
25 place for mutating receptors should therefore involve mutation to one of the 
amino acids at the most active end of the above list. Further, the tertiary 
structure of the region may be significantly altered by substituting an amino acid 
with longer side chains or of different polarity from the native amino acid. 
Fffir.ient Screening of Mutant R eceptors: 
30 When performing site-directed mutagenesis, it is common (and necessary) 

laboratory practice to fully sequence the cloned receptor to confirm that the 
mutation has been incorporated. However, because colonies containing the 
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mutant receptor cannot be distinguished from those that do not, it is necessary to 
sequence each colony. A method, outlined schematically by way of example in 
Figure 5 for the 5-HT 2A cys -> lys receptor mutation and in Figure 6 for the 5-HT 2C 
ser •* lys and ser -*phe receptor mutations, has been devised that rapidly and 
easily eliminates most non-mutated colonies, and from those remaining, identifies 
the mutant colony so that unnecessary sequencing is avoided. A two-pronged 
approach is used. The first prong is designed to prevent non-mutated vector from 
being incorporated during the first transformation by digesting the vector. E coli 
will only incorporate uncut (circular) plasmid DNA. Recognizing the limitations of 
the first prong, namely, that all restriction digests are not 100% complete so that 
some of the colonies at the end of the procedure will contain native DNA instead 
of mutant DNA, the second prong is designed to easily identify among the 
remaining colonies, those colonies containing the desired mutation after a second 
transformation. 

To begin, a unique restriction site, not occurring in the native amino acid 
sequence, is incorporated into the mutant. It is possible to introduce the unique 
restriction site because of the degeneracy of the genetic code. The unique 
restriction site is ideally located within or near the amino acid(s) which specify the 
structural mutation which is being introduced into the mutant. Thus, the 
restriction site can be located on the same mutagenic primer as the structural 
mutation. 

In addition, during the initial annealing, a second primer is used to remove 
a restriction site specific to the vector being used. When the second strand is 
synthesized with polymerase and ligase, only the second strand of the vector (the 
one not containing the mutations) will contain the original vector restriction site. 
Subsequently, after transformation, the colonies can be treated with the 
restriction enzyme specific for the vector site and only those resulting from the 
wildtype vector will be digested. Digested (cut) DNA will not be taken up by E. 
coli during the second transformation step. The colonies containing the mutated 
vector will not be digested and will be taken up by E. coli during the final 
transformation step. 

Each resulting colony can be tested to see whether the restriction enzyme, 
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which recognizes the unique site introduced by the mutated primer, digests the 
DNA. Only samples from colonies containing the desired mutation will be 
digested. These colonies can then be sequenced to confirm the insertion of the 
mutated amino acid. It is unnecessary to sequence colonies whose DNA is not 
digested by the restriction enzyme. This procedure yields a much more highly 
efficient method by saving both time and expense of sequencing every colony 
which results from the transformation experiment. 
Measurement of Receptor-Coupled Secon d Messenger Activation: 

In order to measure the stimulation produced through the 5-HT 2A and the 5- 
HT 2C receptors, an assay was utilized which measures the accumulation of 
inositol phosphates, the product that is formed when phosphatidylinositol 4,5- 
bisphosphate is hydrolyzed to DAG and IP. This assay was established by 
Berridge and coworkers (1983) in studies of the blowfly salivary glands, and 
found to be an accurate measurement of the stimulation of phospholipase C 
through receptor activation. 3 H-myoinositol is incorporated into the cell membrane 
by conversion to phosphatidylinositol 4,5-bisphosphate and upon receptor 
activation, is cleaved by phospholipase C to yield two products: diacylglycerol 
and 3 H-inositol 1,4,5 triphosphate (IP 3 ). 

Inositol-free media must be used for this assay because unlabeled inositol, 
which is normally found in many commercially available media, can result in less 
than maximal incorporation of radiolabeled inositol into the cell membrane, resulting 
in a reduction in the amount of 3 H-IP that would be detected. The 3 H-IP is recovered 
by anion-exchange chromatography in which IP is separated from anion-exchange 
resin using washes of increasing concentrations of formate. 

IP 3 is rapidly hydrolyzed to IP 2 by an inositol triphosphatase which is then 
converted to IP by inositol bisphosphatase. Because IP 3 is hydrolyzed so quickly, 
accumulation of IP would be hard to measure unless the cycle of IP to inositol and 
phosphate is blocked. Lithium is used in this assay to block the enzyme which 
converts IP to inositol and phosphate (myo-inositol monophosphatase). This ensures 
that IP levels can accumulate and be experimentally measured and are not 
undergoing the normal rapid degradation pathway. These experiments are also 
performed in serum free media in order to remove serotonin that can be found in 
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serum which would complicate experimental results. 

The total IP levels were measured in order to obtain an accurate measurement 

of the total amount of stimulation that occurred. The actual experimental conditions 

and concentrations of reagents used in this assay are set forth in the methods and 

materials sections under each example below. 

Example 1 : Constitu tive Activation Of The R-HT . , Recentnr: 
Three separate mutations of the 5-HT^ receptor were made. The cysteine 

at position 322 was mutated to lysine, glutamate, and arginine. 

Materials and Metho ds For Site-directed Mutagenesis; 

The rat 5-HT2A receptor cDNA was ligated into the mammalian expression 
vector pcDNA3 (Invitrogen) using EcoR1 (GIBCO). This construct served as the 

native template for site-directed mutagenesis performed using Clontech's 
transformer kit. Mutagenic primers (Midland Certified Reagent Company) were 
designed as follows: the C322K primer was complementary to amino acid nos. 
318-329 of the native 5-HT2A cDNA, while changing amino acid no. 322 from 
cysteine (TGC) to lysine (AAG). The same primer was designed to incorporate a 
Seal restriction site using amino acid nos. 323 and 324 by changing the third 
base in amino acid no. 323, lysine, from AAG to AAA and the third base in amino 
acid no. 324, valine from GTG to GTA. The C322E and C322R were designed 
complementary to amino acid nos. 319-330 of the native 5-HT2A cDNA, while 
changing amino acid no. 322 from cysteine (TGC) to glutamate (GAG) and 
arginine (AGG). In the C322E primer, an Rsa1 site was introduced by changing 
the third base in amino acid no. 324, valine, from GTG to GTA. The C322R 
mutation in the primer created an Mnl1 site, by itself, at amino acid no. 319. The 
selection primer, complementary to bases 4,871-4,914 of the pcDNA3 vector, 
was designed to remove a unique PVUI site by changing base G to T at location 
4891. Phosphorylated primers were annealed to 10 ng of alkaline-denatured 
plasmid template by heating to 65°C for 5 min and cooling slowly to 37°C. 
Mutant DNA was synthesized using T4 DNA polymerase and ligase (Clontech) by 
incubating for 1 hr at 37°C, followed by digestion with PVU1 (GIBCO) and 
transformation of BMH71-18mutS E. coli (Clontech). Plasmid was purified using 
the Wizard miniprep kit (Promega), digested with PVU1, and used to transform 
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DH5( E.Coli (GIBCO). Individual colonies were isolated and plasmid DNA was 
digested with SCA1, Mnl1 or Rsa1 to screen for C322K, C322E and C322R 
mutations, respectively (GIBCO). DNA sequencing {Sequenase version 2.1 



incorporation of lysine, glutamate, or arginine at amino acid no. 322. Sequencing 
reactions were run on a 5% acrylamide/bis (19:1) gel (Bio-Rad) for 2 hr at 50°C, 
dried for 2 hr at 80°C, and exposed on Kodak Biomax MR film for 24 hr at -80°C. 

In Figure 22 is shown the amino acid sequence of the 5-HT 2A cys -* lys 
mutant receptor with the mutated amino acid shown as a larger outlined letter. 
Figure 23 shows the resulting DNA sequence of the 5-HT 2A cys -» lys mutant 
receptor including the 5' and 3' untranslated regions with the translated codons 
underlined. The bases specifying the #322 lysine mutant are shown as larger 
outlined letters, and the starting and ending locations of the primer are also 
indicated. In addition to showing the mutated DNA sequence of the 5-HT 2A cys -* 
lys mutant receptor, Figure 24 shows the two bases, which were mutated to 
create the Seal site, as larger outlined letters and are indicated with arrows. 

In Figure 25 is shown the amino acid sequence of the 5-HT 2A cys -* arg 
mutant receptor with the mutated amino acid shown as a larger outlined letter. 
Figure 26 shows the resulting DNA sequence of the 5-HT 2A cys -* arg mutant 
receptor including the 5' and 3' untranslated regions with the translated codons 
underlined. The bases specifying the #322 arginine mutant are shown as larger 
outlined letters, and the starting and ending locations of the primer are also 
indicated. Figure 27 showing the added restriction site is identical to Figure 26 
since the arginine mutation to AGG creates, by itself, an MnM restriction site at 
#319. 

In Figure 28 is shown the amino acid sequence of the 5-HT 2A cys -* glu 
mutant receptor with the mutated amino acid shown as a larger outlined letter. 
Figure 29 shows the resulitng DNA sequence of the 5-HT 2A cys -* glu mutant 
receptor including the 5' and 3' untranslated regions with the translated codons 
underlined. The bases specifying the #322 glutamic acid mutant are shown as 
larger outlined letters, and the starting and ending locations of the primer are also 
indicated. Figure 30 shows the additional base mutation introduced in amino 
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acid 324 to create an Rsa1 site. The base mutation is indicted by a larger outlined 

letter and an arrow. 

Cell culture and transfection : 

C0Sr7 cells were grown in Dulbecco's modified Eagle's medium (DMEM, 
5 Sigma) with 10% fetal bovine serum (Sigma) in 5% C0 2 at 37°C and subcultured 
1 :8 twice a week. Twenty-four hours before transfection, cells were seeded at 
30% confluence in 100-mm dishes for radioligand binding assays or at 10 5 cells 
per well in 24-well cluster plates for IP production assays. Cells were transfected 
with native or mutant 5-HT2A cDNA using Lipofectamine (GIBCO). This was 

10 accomplished by combining 20 //I of Lipofectamine with 2.5 //g of plasmid per 
100-mm dish or 2 jt/l of Lipofectamine with 0.25 /jg of plasmid per well. 
Transfections were performed in serum-free DMEM for 4 hr at 37°C. 
Radioligan d binding: 

Thirty-six hours after transfection, membranes were prepared from COS-7 

15 cells by scraping and homogenizing in 50mM Tris-HCI/5mM MgCI 2 /0.5mM EDTA, 
pH 7.4 (assay buffer), and centrifugation at 10,000xg for 30 min. Membranes 
were resuspended in assay buffer, homogenized, and centrifuged again. After 
resuspension in assay buffer, 1-ml membrane aliquots ( approximately 10 pg of 
protein measured by bicinchoninic acid assay) were added to each tube 

20 containing 1ml of assay buffer with 0.5nM [ 3 H] ketanserin and competing drugs. 
IQpM spiperone was used to define non-specific binding. Saturation experiments 
were performed by using [ 3 H]ketanserin (0.1-5.0nM). Samples were incubated at 
23°C for 30 minutes, filtered on a Brandel cell harvester, and counted in Ecoscint 
cocktail (National Diagnostics) in a Beckman liquid scintillation counter at 40% 

25 efficiency. 

Phosphatidylinositol hydrolysis : 

Inositol phosphate (IP) production was measured using a modified 
combination of the methods of Berridge et al. (1982) and Conn and Sanders-Bush 
(1985). In brief, 24 h after transfection, cells were washed with phosphate- 

30 buffered saline (PBS) and labeled with 0.25 //Ci/well of myo-[ 3 H]inositol (New 
England Nuclear) in inositol free/serum-free DMEM (GIBCO) for 12 h at 37°C. 
HPLC analysis of this culture medium, after incubation, has been reported to 
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contain <10* 10 M 5-HT (Barker et a!. 1994). After labeling, cells were washed 
with PBS and preincubated in inositol-free/serum-free DMEM with 10mM LiCI and 
10//M pargyline (assay medium) for 10 min at 37°C. When antagonists were 
used, they were added during the 10-min preincubation period. 5-HT (Sigma), or 
5 assay medium alone, was added to each well and incubation continued for an 
additional 35 min (Westphal et al., 1995). Assay medium was removed and cells 
were lysed in 250 of stop solution (1 M KOH/18mM sodium borate/3. 8mM 
EDTA) and neutralized by adding 250 fj\ of 7.5 % HCI. The contents of each well 
were extracted with 3 volumes of chloroform/methanol (1:2), centrifuged 5 min 
10 at 10,000xg, and the upper layer loaded onto a 1-ml AG1-X8 resin (100-200 
mesh, Bio-Rad) column. Columns were washed with 10ml of 5 mM myo-inositol 
and 10ml of 5 mM sodium borate/60mM sodium formate. Total IPs were eluted 
with 3ml of 0.1 M formic acid/1 M ammonium formate. Radioactivity was 
measured by liquid scintillation counting in Ecoscint cocktail. 
15 Demonstration of Constitutive Activation: 

Constitutive activity of the mutated 5-HT 2A receptors is demonstrated by 
the fact that the mutated receptors exhibit all the hallmark characteristics 
established for constitutive activation: a showing of increased agonist affinity, 
increased agonist potency, and coupling to the G protein second messenger 
20 system in the absence of agonist. 

Figure 7 shows the competition curves of 5-HT for 3 H-ketanserin labeled 
native and mutant 5-HT 2A receptors. 0.5nM 3 H-ketanserin was used to label the 
native and mutant receptors transiently transfected in C0S-7 cells. While the 
native receptor demonstrated a relatively low affinity for 5-HT (K ; = 293 nM), the 
25 three mutant receptors displayed a high affinity for 5-HT with the cys lys 
mutant exhibiting a 12-fold increase in affinity for 5-HT (K s = 25 nM), the cys 
arg mutant exhibiting a 27-fold increase in affinity for 5-HT (K ; = 11 nM). and the 
cys -> glu mutant exhibiting a 3.4-fold increase in affinity for 5-HT (Kj = 86 nM). 
To determine whether other agonists would display a similar increase in 
30 affinity for the mutant receptors, two known agonists (DOM and DOB) were 

tested with both the native and cys -» lys mutant. Figure 8 shows the radioligand 
binding data of 3 H-ketanserin labeled native and mutant 5-HT 2A receptors in the 
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presence of agonists and antagonists. 0.5 nM 3 H-ketanserin was used to label the 
native and mutant 5-HT 2A receptors expressed in COS-7 cells. The DOM and DOB 
agonists show increased affinity for the mutant receptor, as is seen for 5-HT. The 
K, for DOM-shows a 5-fold increase, while the K, for DOB shows a 7.4-fold 
5 increase. 

To determine if the mutant 5-HT 2A receptors would exhibit an increase in 
agonist potency relative to the native 5-HT 2A receptor, 5-HT stimulation of the 
native and mutant 5-HT^ receptors was measured using an IP production assay. 
Figure 9 shows the stimulation of IP production in COS-7 cells expressing native 

10 or mutant 5-HT 2A receptors. Both the cys - lys and cys -» glu mutant receptor 
curves exhibit a leftward shift away from the native curve in the 5-HT dose- 
response indicating that there was an increase in 5-HT potency at the mutant 
receptors. The cys -* lys and cys -* glu mutant receptors displayed EC 60 values of 
25 nM and 61 nM, respectively, as compared to the native 5-HT 2A receptor which 

15 had an EC 50 value of 152 nM. 

Figure 10 shows the basal activity and 5-HT stimulation of the native and 
mutant 5-HT 2A receptors. As can be seen, both the cys - lys and the cys - glu 
mutant 5-HT 2A receptors show dramatic increases in basal intracellular inositol 
phosphate (IP) accumulation compared to the native receptor. The cys -» lys 

20 mutant receptor produced a 345% (8-fold) increase in IP levels over the vector 
control. The cys - glu mutant receptor produced a 158% (3.7-fold) increase in IP 
levels over the vector control. Upon the addition of 10 //M 5-HT, both the native 
and mutant receptors produced an additional increase in IP production. The basal 
activity of the cys - lys mutant was 48% of that of the maximally stimulated 

25 native 5-HT 2A receptor. The basal activity of the cys -* glu mutant was 31 % of 
that of the maximally stimulated native 5-HT 2A receptor. 

In order to determine whether the above results were due to an increase in 
the number of expressed mutant receptors rather than to a change in the 
properties of the mutated receptors, saturation curves were generated. Figure 1 1 

30 shows a saturation analysis of 3 H-ketanserin labeled native and cys - lys mutant 
receptors. B MAX values were determined by a BCA assay. For the native receptor 
the B^ = 193 + /- 37 fmol/mg, while for the cys -* lys mutant receptor, the 
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Bmax = 218 +/" 31 fmol/mg. There is no significant difference in the B MAX values 
for the native and mutant receptors. The K D of 3 H-ketanserin also did not differ 
between the native and mutant receptors. These data demonstrate that the 
results were not due to an increase in number of expressed mutant receptors 
5 compared to expressed native receptors. 

Thus, the mutated 5-HT 2A receptors meet all the criteria for constitutively 
activated receptors; they show a higher affinity for agonists; they show a higher 
potency for 5-HT; and they show activation (coupling) of the G protein second 
messenger pathway (IP production) even in the absence of agonist. 
10 Fvample 2: P.nnstituti y p Activation of 5-HT , r Receptor 

M ^orials and Met hods For Sita-riirected Mutagenesis: 

The rat 5-HT 2C receptor cDNA was ligated into the mammalian expression 
vector pcDNA3 (Invitrogen) using BamHI (Gibco). This construct served as the 
native template for site-directed mutagenesis performed using Clonetech's 
15 Transformer kit. Mutagenic primers (Midland Certified Reagent Company) were 
designed complementary to amino acids #308-317 of the native 5-HT 2C cDNA, 
while changing amino acid #31 2 from serine (TCC) to lysine (A AG) or 
phenylalanine (TTC). The same primers were designed to incorporate an Seal 
restriction site at amino acid #314 by changing the third codon in valine from 
20 GTC to GTA. The selection primer, complementary to bases 2081-3017 of the 
pcDNA3 vector, was designed to remove a unique Sma1 site by changing glycine 
at base 2093 from GGG to GGA. Phosphorylated primers were annealed to 10ng 
of alkaline denatured plasmid template by heating to 65°C for 5 minutes and 
cooling slowly to 37°C. Mutant DNA was synthesized using T4 DNA polymerase 
25 and ligase (Clonetech) by incubating for 1 hour at 37°C, followed by digestion 
with Sma1 (Gibco) and transformation of BMH71-18mutS E. coli (Clonetech). 
Plasmid was purified using the Wizard miniprep kit (Promega), digested with 
Sma1, and used to transform DH5o E. coli (Gibco). Individual colonies were 
isolated and plasmid DNA was digested with Seal to screen for S312K and 
30 S312F mutants (Gibco). S312K and S312F mutant plasmids contain an additional 
Seal site and appear as two bands (2.3Kb and 7.6Kb) when run on a 1 % 
agarose gel. DNA sequencing (Sequenase version 2.1 kit USB, 35 Sd-ATP NEN) 
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was performed to confirm the incorporation of lysine or phenylalanine at amino 
acid #312. Sequencing reactions were run on a 5% acrylamide/bis (19:1) gel 
(BioRad) for 2 hours at 50°C, dried for 2 hours at 80°C, and exposed to Kodak 
Biomax MR film for 24 hours at -80°C. 
5 In Figure 31 is shown the amino acid sequence of the 5-HT 2C ser -* lys 

mutant receptor with the mutated amino acid shown as a larger outlined letter. 
Figure 32 shows the resulting DNA sequence of the 5-HT 2c ser -* lys mutant 
receptor including the 5' and 3' untranslated regions with the translated codons 
underlined. The bases specifying the #312 lysine mutant are shown as larger 

10 outlined letters, and the starting and ending locations of the primer are also 

indicated. In addition to showing the mutated DNA sequence of the 5-HT 2c ser -* 
lys mutant receptor, Figure 33 shows the base, which was mutated to create the 
Seal site, as a larger outlined letter indicated with an arrow. 

In Figure 34 is shown the amino acid sequence of the 5-HT 2C ser — phe 

15 mutant receptor with the mutated amino acid shown as a larger outlined letter. 
Figure 35 shows the resulting DNA sequence of the 5-HT 2C ser -* phe mutant 
receptor including the 5' and 3' untranslated regions with the translated codons 
underlined. The bases specifying the #312 phenylalanine mutant are shown as 
larger outlined letters, and the starting and ending locations of the primer are also 

20 indicated. In addition to showing the mutated DNA sequence of the 5-HT 2C ser -* 
phe mutant receptor, Figure 36 shows the base, which was mutated to create the 
Seal site, as a larger outlined letter indicated with an arrow. 
Cell culture and transfection : 

COS-7 cells were grown in Dulbecco's Modified Eagle's Medium (DMEM, 

25 Sigma) with 10% fetal bovine serum (Sigma) in 5% C0 2 at 37°C and subcultured 
1 :8 twice a week. Twenty-four hours prior to transfection, cells were seeded at 
30% confluence in 100mm dishes for radioligand binding assays or at 10 s 
cells/well in 24 well cluster plates for PI assays. Cells were transfected with 
native or mutant 5-HT2 c cDNA using Lipofectamine (Gibco). This was 

30 accomplished by combining 20 jj\ of lipofectamine with 2.5 fjg plasmid per 

100mm dish or 2 fj\ lipofectamine and 0.25 pg plasmid per well. Transfections 
were performed in serum-free DMEM for 4 hours at 37°C. 
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Radioligan d binding: 

Thirty-six hours after transfection, membranes were prepared from COS-7 
cells by scraping and homogenizing in 50mM Tris-HCI / 5mM MgCI 2 / 0.5mM 
EDTA pH 7.4 (assay buffer) and centrifugation at 10,000xg for 30 minutes. 
Membranes were resuspended in assay buffer, homogenized and centrifuged 
again. Following resuspension in assay buffer, 1 ml membrane aliquots 
(approximately 10 //g protein measured by BCA assay) were added to each tube 
containing 1ml of assay buffer with 1nM 3 H-mesulergine and competing drugs. 
10//M mianserin was used to define non-specific binding. Saturation experiments 
were performed using 3 H-mesulergine (0,1nM-5.0nM) or 3 H-5-HT (0.1nM-30nM) 
in the absence of presence of 10//M GppNHp (RBI). Samples were incubated at 
37°C for 30 minutes, filtered on a Brandel cell harvester, and counted in Ecoscint 
cocktail (National Diagnostics) in a Beckman liquid scintillation counter at 40% 
efficiency. 

PhosDhatirivlinositol hvrirolvsis: 

Inositol phosphate (IP) production was measured using a modified 
combination of the methods of Berridge et al., 1982 and Conn and Sanders-Bush 
1985. Briefly, 24 hours after transfection, cells were washed with PBS and 
labeled with 0.25//Ci/well of 3 H-myoinositol (NEN) in inositol-free/serum-free 
DMEM (Gibco) for 12 hours at 37°C. Following labeling, cells were washed with 
PBS and preincubated in inositol-free/serum-free DMEM with 10mM LiCI and 
10//M pargyline (assay medium) for 10 minutes at 37°C. When antagonists were 
used they were added during the 10 minute preincubation period. 5-HT (Sigma), 
or assay medium alone, was added to each well and incubation continued for an 
additional 35 minutes (Westphal et al., 1995). Assay medium was removed and 
cells were lysed in 250 //I of stop solution (1M KOH / 18mM NaBorate / 3.8mM 
EDTA) and neutralized by adding 250p\ of 7.5% HCI. The contents of each well 
were extracted with 3 volumes of chloroform: methanol (1:2), centrifuged 5 
minutes at 10,000xg, and the upper layer loaded onto a 1ml AG1-X8 resin (100- 
200 mesh, BioRad) column. Columns were washed with 10mls of 5mM 
myoinositol and 10mls of 5mM NaBorate / 60mM NaFormate. Total IPs were 
eluted with 3mls of 0.1 M formic acid / 1M ammonium formate. Radioactivity was 
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measured by liquid scintillation counting in Ecoscint cocktail. 
Stable Transfection: 

Although not yet fully characterized, it has been found possible to create a 
stable cell line expressing mutant receptors by the following method. The rat 
5-HT 2C cDNA (edited VSI isoform) was used as a template for site-directed 
mutagenesis to convert amino acid 312 from serine to lysine as previously 
described. Native and S312K 5-HT 2c cDNAs were ligated into the BamHI/EcoRI 
site of the pZeoSV2+ mammalian expression vector (Invitrogen) containing the 
zeocin resistance gene. NIH3T3 cells (ATCC) were stably transfected using the 
high efficiency BES method. Briefly, cells were seeded at 5x10 5 cells/IOOmm 
culture dish in complete medium (DMEM/1 0%FBS) and grown in 5% C0 2 at 37° 
overnight. Twenty micrograms of pZeoSV2/5-HT 2c DNA (linearized with Bglll) 
was mixed with 500//I of 0.25M CaCI 2 and 500^1 of 2x BES solution (50mM 
N,N-bis-2-hydroxyethyl-2-aminoethanesulfonic acid; 280mM NaCI; 1.5mM 
Na 2 HP0 4 ; pH to 6.95) and incubated at 25°C for 20 minutes. The solution was 
added dropwise on top of the cells. The cells were incubated for 20 hours at 
35°C in 3% C0 2 , washed twice with PBS, complete medium replenished, and 
incubated for 48 hours at 37°C in 5% C0 2 . Cells were split 1:4 into complete 
medium containing 500//g/ml zeocin. Individual colonies were isolated and tested 
for 5-HT 2C receptor expression by 3 H-mesulergine binding. 
Demonstration of Constitutive Activation: 

Constitutive activity of the mutated 5-HT 2c receptors is demonstrated by 
the fact that the mutated receptors also exhibit all the hallmark characteristics 
established for constitutive activation: a showing of increased agonist affinity, 
increased agonist potency, and coupling to the G protein second messenger 
system in the absence of agonist. 

Figure 12 shows the competition curves of 5-HT for 3 H-mesulergine labeled 
native and mutant 5-HT 2C receptors. 0.5nM 3 H-mesulergine was used to label the 
native and mutant receptors transiently transfected in COS-7 cells. As shown in 
Figure 1 2, the 5-HT competition isotherms for 3 H-mesulergine labeled ser - lys 
and ser -* phe mutant receptors display a marked leftward shift compared with 
native receptors. The affinity of 5-HT for ser -» lys mutant receptors increased 
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almost 30-fold from 203 nM in the native to 6.6 nM in the ser -* lys mutant. 
Similarly, but on a smaller scale, the ser -» phe mutation resulted in a 3-fold 
increase in 5-HT affinity to 76 nM. 

To determine whether other agonists would display a similar increase in 
5 affinity for the mutant receptors, two known agonists, 5-methoxytryptamine and 
DOB were tested with the ser -* lys mutant. Figure 1 3 shows the radioligand 
binding analysis of native and mutant 5-HT 2C receptors in the presence of 
agonists and antagonists. Native and mutant 5-HT 2C receptors expressed in COS- 
7 cells were labeled with 1 nM 3H-mesulergine. The 5-MT and DOB agonists 
10 show increased affinity for the mutant receptor, as is seen for 5-HT. 5-methoxy- 
tryptamine and DOB display an 89-fold and 38-fold increase, respectively, in 
affinity for the ser -» lys mutant receptors. 

To determine if the mutant 5-HT 2C receptors would exhibit an increase in 
agonist potency relative to the native 5-HT 2C receptor, 5-HT stimulation of the 
15 native and mutant 5-HT 2C receptors was measured using an IP production assay. 
Figure 14 shows the stimulation of IP production in COS-7 cells expressing native 
or mutant 5-HT 2C receptors. Both the ser -* lys and ser -* phe mutant receptor 
curves exhibit a leftward shift away from the native curve in the 5-HT dose- 
response indicating that there was an increase in 5-HT potency for the mutant 
20 receptors. The shifts were similar in magnitude to the shifts in the 5-HT 
competition binding isotherms. Figure 15 shows the 5-HT stimulation of IP 
production in COS-7 cells transfected with the ser - lys or ser - phe mutated 
receptors. As shown in Figure 15, the EC 50 value for 5-HT mediated stimulation of 
IP production increased from 70 nM in cells transfected with native receptors to 
25 2.7 nM in the ser -* lys mutant and 28 nM in the ser -* phe mutant. 

Figure 16 shows the effect of the ser -* lys and ser -* phe mutations on 
basal levels of IP production by the mutated 5-HT 2C receptors. Cells transfected 
with native 5-HT 2C receptors displayed a small increase (9%, 225dpm) in basal IP 
production over cells transfected with vector alone. Transfection with ser -* lys 
30 and ser - phe mutant 5-HT 2C receptors resulted in 5-fold and 2-fold increases, 

respectively, in basal levels of IP production when compared with cells expressing 
native 5-HT 2C receptors. Basal levels of IP stimulated by ser lys mutant 
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receptors represented 50% of total IP production stimulated by native receptors 
in the presence of 10//M 5-HT. 5-HT stimulated IP production 10 fold over basal 
levels in cells transfected with native receptors and 2-fold over basal levels in 
cells transfected with ser lys mutant receptors. However, 5-HT elicited the 
5 same maximal IP response in cells transfected with native or mutant receptors. 

Since receptor density can influence agonist binding affinity and potency in 
stimulating second messenger systems, saturation curves were generated. 
Therefore, 3 H-mesulergine saturation analyses and Scatchard transformations 
were performed in parallel to control for variations in transfection efficiency and 

10 receptor expression levels. As shown in Figure 15, the 5-HT 2C receptor density 
was greater in cells transfected with native receptors than in cells transfected 
with either the ser -* lys or the ser -» phe mutant receptors. These data indicate 
that the increase in agonist binding affinity and potency of the mutated receptors 
did not result from increased receptor expression, but directly resulted from the 

15 mutations. 

Thus, like the mutated 5-HT 2A receptors, the mutated 5-HT 2C receptors 
meet all the criteria for constitutively activated receptors; they show a higher 
affinity for agonists; they show a higher potency for 5-HT; and they show 
activation (coupling) of the G protein second messenger pathway (IP production) 

20 even in the absence of agonist. 

Inverse Aoonism at Constitutively Activated Serotonin Receptors 

As noted above, the discovery and elucidation of the mechanisms of action 
of constitutively activated receptors has led to the recognition of a new class of 
receptor antagonists, identified as inverse agonists. The mutated 5-HT 2A and 5- 

25 HT 2C receptors of this invention were used to test the activity of known serotonin 
receptor antagonists. Figure 8 shows the binding affinities of four known 5-HT 2A 
antagonists to the native and cys -» lys mutant 5-HT 2A receptors. There is an 
apparent decease in the binding affinity of methysergide and mianserin at the 
mutant 5-HT 2A receptors, but no change in binding affinity for spiperone and 

30 ketanserin. However, as shown in Figure 17, both spiperone and ketanserin 
reversed the constitutive stimulation of IP production in cells expressing the 
mutant 5-HT 2A receptor. Ketanserin and spiperone decreased the constitutive IP 
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stimulation by 80% and 58% respectively. 

Several antipsychotic drugs presently in use are thought to act at the 5- 
HT 2A receptor. As shown in Figure 18, all these drugs, chlorpromazine, 
haloperidol, loxapine, clozapine, and risperidone as well as spiperone reduce the 
5 constitutively activated IP basal activity of the mutated 5-HT 2A receptor. 

The constitutively active ser -» lys mutated 5-HT 2C receptor of this 
invention can also be used to screen compounds for inverse agonist activity. 
Figure 19 shows that two classical 5-HT 2C receptor antagonists, mianserin and 
mesulergine, exhibit inverse agonist activity by decreasing basal levels of PI 
10 hydrolysis associated with the constitutively active 5-HT 2C mutant receptor. The 
inverse agonism of these compounds is apparent both in the presence and 
absence of serotonin. 

The demonstration of inverse agonism at the mutated 5-HT 2A and 5-HT 2C 
receptors further characterizes the mutated serotonin receptors of this invention 
15 as being constitutively active. Not only have the 5-HT 2A and 5-HT 2C receptors 

been mutated to a constitutively active form, but a method has been disclosed for 
mutating all mammalian G protein-coupled monoamine receptors, including 
serotonin receptors, to a constitutively active form. Unlike the case of the M5 
muscarinic acetylcholine receptor where mutations in the third cytoplasmic loop 
20 do not produce constitutive activation, the present invention clearly demonstrates 
that mutations in the third cytoplasmic loop of G protein-coupled serotonin 
receptors may be used to induce constitutive activation. Previously, third 
intracellular loop mutations near the transmembrane region had only been found 
to produce constitutively active receptors of the adrenergic type. With the present 
25 discoveries, it is now recognized that the alignment and positional mutation 
method of this invention is applicable to the general class of monoamine 
receptors of which the adrenergic and serotonin receptors are major subclasses. 
Further, based upon the present discoveries, it is expected that mutations may be 
introduced at other sites in the third cytoplasmic loop which will constitutively 
30 activate the G protein-coupled monoamine receptors including the serotonin 
receptors. 
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Additional Advances EnahlPd Bv Th* n;^ veri p S nf Tho P resftnt i nwontinn . 

Figures 20A and 20B show the DNA and amino acid sequences for the 
human 5-HT^ receptors. In Figure 20A, it can be seen that the sixth 
transmembrane domain has the same WxPFFI conserved sequence (outlined type) 
as seen in the rat receptors. Figures 21 A and 21 B show the DNA and amino acid 
sequences for the human 5-HT 2c receptors. In Figure 21 A it can be seen that the 
sixth transmembrane domain also has the same WxPFFI conserved sequence 
(outlined type) as seen in the rat receptors. Both of these human receptors may, 
therefore, be similarly aligned with the rat o1 -adrenergic, 5-HT 2A , and 5-HT 2C 
receptors to identify the amino acid positions which may be mutated to produce 
constitutively active human receptors following the methodologies of this 
invention. 

Having identified mutations which constitutively activate the 5-HT^ and 5- 
HT 2C serotonin receptors, it is now possible to create transgenic mammals 
incorporating these mutations using techniques well known in the art. This will 
provide an opportunity to study the physiological consequences of constitutive 
receptor activation and may lead to the development of novel therapeutic agents. 

Those skilled in the art will recognize that various modifications, additions, 
substitutions and variations of the illustrative examples set forth herein can be 
made without departing from the spirit of the invention and are, therefore, 
considered within the scope of the invention. 



25 



References 

1. Cotecchia, S, Exum, S., Caron, M., and Lefkowitz, R. (1990) Regions of 
the a r adrenergic receptor involved in coupling to phosphatidylinositol 
hydrolysis and enhanced sensitivity of biological function . Proc. Natl. Acad. 
Sci. Vol 87, 2896-2900 

2. Kjelsberg, M., Cotecchia, S., Ostrowski, J. Caron, M. and Lefkowitz, R. 

(1 992) Constitutive Activation of the a ^-Adrenergic Receptor by All Amino 
Acid Substitutions at a Single Site. J. Biol. Chem. Vol. 267, 1430-1433 
30 3. Samama, P., Cotecchia, S., Costa, T. and Lefkowitz, R. (1993) A 

Mutation-induced Activated State of the B 2 -Adrenergic Receptor. J. Biol. 



BNSDOCID: <WO_9838217A1 J_> 



WO 98/38217 



PCT/US98/03991 



4. 



5 5. 



6. 



30 



Chem. Vol 268, 4625-4636 

Burstein, E., Spalding, T., Hill-Eubanks, D., & Brann, M. (1995) Structure- 
Function of Muscarinic Receptor Coupling to G Proteins. J. Biol. Chem. Vol 
270, 3141-3146 

The native rat 5-HT^ receptor cDNA was generously donated by Dr. David 
Julius of the University of California, San Francisco. 
The native rat 5HT 2C receptor cDNA was generously donated by Dr. Beth 
Hoffman of the National Institutes of Health. 



WO 98/38217 _ _ PCT/US98/03991 

31 
CLAIMS 

What is claimed is: 

1 . A method of constitutively activating targeted G protein-coupled 
mammalian monoamine receptors comprising the following steps: 

a. aligning a conserved amino acid sequence occurring in the sixth 
transmembrane domain of the targeted monoamine receptor with the 
conserved amino acid sequence in the sixth transmembrane domain 
of a second monoamine receptor for which a constitutively activated 
form having a mutation in the third intracellular loop is known; 

b. identifying in the aligned receptor sequences the amino acid position 
in the targeted monoamine receptor which corresponds to the amino 
acid position in the third intracellular loop which produced 
constitutive activation in the second monoamine receptor; and 

c. mutating, by site-directed mutagenesis, the identified amino acid 
position in the targeted monoamine receptor so that a different 
amino acid is substituted for the amino acid occurring in the native 
targeted receptor. 

2. The method of claim 1 in which the targeted monoamine receptor is a G 
protein-coupled serotonin receptor. 

3. The method of claim 2 in which the G protein-coupled serotonin receptor is 
the 5-HT 2A receptor. 

4. The method of claim 2 in which the G protein-coupled serotonin receptor is 
the 5-HT 2C receptor. 

5. The method of claim 1 in which the conserved amino acid sequence within 
the sixth transmembrane domain used for the alignment is WxPFFI, where x 
represents that any amino acid may occur at that position. 

6. A method of constitutively activating G protein-coupled mammalian 
serotonin receptors comprising the following steps: 

a. aligning a conserved amino acid sequence occurring in the sixth 

transmembrane domain of the serotonin receptor with the conserved 
amino acid sequence in the sixth transmembrane domain of the a - 
adrenergic receptor for which a constitutively activated form having 
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a mutation in the third intracellular loop is known; 

b. identifying in the aligned receptor sequences the amino acid position 
in the serotonin receptor which corresponds to the amino acid 
position in the third intracellular loop which produced constitutive 
activation in the c 1B -adrenergic receptor; and 

c. mutating, by site-directed mutagenesis, the identified amino acid 
position in the serotonin receptor so that a different amino acid is 
substituted for the amino acid occurring in the native serotonin 
receptor. 

7. The method of claim 6 in which the G protein-coupled serotonin receptor is 
the 5-HTaA receptor. 

8. The method of claim 6 in which the G protein-coupled serotonin receptor is 
the 5-HT 2C receptor. 

9. The method of claim 6 in which the conserved amino acid sequence within 
the sixth transmembrane domain used for the alignment is WxPFFI, where x 
represents that any amino acid may occur at that position. 

10. The constitutively active 5-HT 2A receptor in which the amino acid at 
position number 322 has been mutated from the cysteine found in the native 
receptor to an amino acid selected from the group consisting of lysine, glutamic 
acid, and arginine. 

1 1 . The constitutively active 5-HT 2C receptor in which the amino acid at 
position number 312 has been mutated from the serine found in the native 
receptor to an amino acid selected from the group consisting of lysine and 
phenylalanine. 

12. The DNA encoding the constitutively active 5-HT 2A receptor in which the 
amino acid at position number 322 has been mutated from the cysteine found in 
the native receptor to an amino acid selected from the group consisting of lysine, 
glutamic acid, and arginine. 

13. The DNA encoding the constitutively active 5-HT 2C receptor in which the 
amino acid at position number 312 has been mutated from the serine found in the 
native receptor to an amino acid selected from the group consisting of lysine and 
phenylalanine. 
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14. A method of efficiently minimizing the number of full DNA sequencings, 
which must be performed on the colonies resulting from site-directed mutagenesis 
employing vectors, by eliminating most colonies not containing the desired 
mutation and by tagging colonies containing the desired mutation for easy 
identification comprising the following steps: 

a. creating two primers, the first of which will remove a restriction site 
occurring in the original form of the vector and the second of which 
will introduce the desired mutation as well as a second mutation 
which specifies a unique restriction site not found in the primer; 

b. annealing the primers to the vector; 

c. synthesizing the second strands; 

d. exposing the double stranded DNA to the restriction enzyme for the 
restriction site which occurs on the original vector thereby digesting 
the DNA containing the restriction site so that it cannot be taken up 
during a subsequent transformation; 

e. transforming the test organism with the remaining double stranded 
circular DNA; and 

f. testing the resulting colonies to see if they contain DNA which can 
be digested by the restriction enzyme for the unique site introduced 
by the second primer 

whereby only DNA from those colonies which have incorporated the 
desired mutation will be digested with the restriction enzyme for the unique 
restriction site and the presence of such digestion indicates that that colony 
contains the desired mutation. 

15. The method of claim 14 in which the following additional steps are 
performed after step e and before step f of claim 14: 

e'. repeating a restriction digest using the restriction enzyme for the 
restriction site which occurs on the original vector; and 

e". tansforming the test organism with the remaing double stranded 
circular DNA. 

16. The constitutively active 5-HT 2A receptor coded by the DNA sequence 
specified in Figure 24 which DNA also contains a mutation creating a unique 
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restriction site. 

17. The constitutively active 5-HT 2A receptor coded by the DNA sequence 
specified in Figure 27 which DNA also contains a mutation creating a unique 
restriction siter 

18. The constitutively active 5-HT 2A receptor coded by the DNA sequence 
specified in Figure 30 which DNA also contains a mutation creating a unique 
restriction site. 

19. The constitutively active 5-HT 2C receptor coded by the DNA sequence 
specified in Figure 33 which DNA also contains a mutation creating a unique 
restriction site. 

20. The constitutively active 5-HT 2C receptor coded by the DNA sequence 
specified in Figure 36 which DNA also contains a mutation creating a unique 
restriction site. 

21 . The use of the constitutively activated mammalian G protein-coupled 
monamine receptor to screen for agonists, inverse agonists, and antagonists not 
previously identified as such at the native receptor. 

22. The method of claim 21 where the mammalian G protein-coupled 
monoamine receptor is a serotonin receptor. 

23. A transgenic mammal having incorporated and expressed in its genome a 
constitutively activated monoamine G protein-coupled receptor. 

24. The transgenic mammal of claim 23 wherein the constitutively activated 
monoamine G protein-coupled receptor is a serotonin receptor. 

25. The method of constitutively activating G protein-coupled receptors as 
described and illustrated in the specification. 

26. The method of efficiently minimizing the number of full DNA sequencings 
as described and illustrated in the specification. 

27. The constitutively activated receptors as described and illustrated in the 
specification. 

28. DNA encoding constitutively activated receptors as described and 
illustrated in the specification. 

29. The invention as described and illustrated in the specification. 
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Rat 5-HT^ 

1 cccaggctat gaacccctag tctctccaca cttcatctgc tacaacttcc ggcttagaca. 
61 tqqaaattCt ttqtqaaqac aatatetPtc taaoctcaat tccaaa c tcc ttaatoraat 
121 taqqtqatqq CCCqaQQCtc taccataato acttcaactc caoaaatORt aacacttcog 
181 ggqcatcqaa ctqqacaatt gatgctaaaa acaoaacca a cctctcctot aaaaantarn 
241 tcccgpcqac atqcctctcc attcttcatc tccaooaaaa a aactontnt octttattoa 
301 paaqtqtcqt qattattctc accattocto oaaatatact oot c atcatg acaatatr.r.r. 
" 1 taqaaaaaaa qctqcaqaat accarraar t atttcctoat atcacttacc ataactaata 

1 tqctqctqqq tttCCttqte atqcctatat cca t attaac catcctatat oaotacrnnt 
481 qqcctttqcc taqcaaqctc tqtqcaatct oo atttacct OQatotactc mtntarnn 
~ " qatPCatcat gcacctctqc qccatctcnR toaaonnnta tatcaccatc caaaacrrca 
ttcaccacaq ccacttcaan tncaaaacna aaaccttcct qaaaatcatt gccatatog a 
1 PPatatPtgt agqtatatcc ataccaatc c caotntttaq actacaaoat gattcoaag g 
1 tPtttaagga qqqqaqctqc ctactton cg atoacaactt tottctcata qactcttttQ 
* tqqcattttt catcccccta accatcatoo t qatcaccta cttcctaact atcaaotnan 
ttcaqagaqa aqccaccttq TqtotQaQto ann tcaacac tnoaaccaaa ctaacctcnt 
901 tcaqcttcct ccctcaqaqt tctctotnat r aaaaaaact cttccaacao tccatccana 
961 qgqaqccagq ctcctacqca oaccoa aqoa coatocaqtc catcaqcaat aaocaaaa gg 
1021 cqtqcaaqqt qctqqqcato qtgttcttcc to tttottat aatatqgtgc ccattnttra 
1081 tcappaatat patggpqgtP atctgoaaaa aatrntnr a a tqaaaatotc atcooannrn 
1141 tgptpaatgt gntotnton attgattatn t ctcctcaoc tgtcaatcca ctqgtatata 
1201 PqttgttPaa taaaapttat aqotccarnt t c tcaaaata cattcagtgt caqtacaang 
1261 aaaapagaaa qppaptqpag ttaattttan t gaacactat accagcattg gcctacaant 
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1321 ctaatcaact ccaaatoaaa caaaaaaa q n antcacaaoa aqatqctqaq caqacaqttq 
1381 ataactnctc catoattaca n tnooaaaac aacaotcqqa aqaqaattqt agaqgcaatg 
1441 ttaaaaccat oaatnaaaao o ttaactoto tqtaatgaac tggatgctat ggcaattgcc 
1501 cagggcatgt gaacaaggtt atacccatgt gtgtggggcg gggataagga ggctgcaaca 
1561 aattag 
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Rat 5-HT^ 



MEILCEDNISLSSIPNSLMQLGDGPRLYHNDFNSRDANTSEASN 

WTIDAENRTNLSCEGYLPPTCLSILHLQEKNWSALLTTVVilLTIAGNILVIMAVSLE 

KKLQNATNYFLMSLAIADMLLGFLVMPVSMLTILYGYRWPLPSKLCAIWIYLDVLFST 

ASIMHLCAISLDRYVAIQNPIHHSRFNSRTKAFLKMAVWTISVGISMPIPVFGLQDD 

SKVFKEGSCLLADDNFVLIGSFVAFFIPLTIMVITYFLTIKSLQKEATLCVSDLSTRA 

KLASFSFLPQSSLSSEKLFQRSIHREPGSYAGRRTMQSISNEQKACKVLGIVFFLFVV 

MWCPFFITNIMAVICKESCNENVIGALLISIVFVWIGYLSSAVNPLVYTLFNKTYRSAFS 

RYIQCQYKENRKPLQLILVNTIPALAYKSSQLQVGQKKNSQEDAEQTVDDCSMVTLGK 
QQSEENCTDNIETVNEKVSCV 
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Rat 5-HT 2C 



ORIGIN 



23 bp upstream of Hindlll site. 



1 ggcgctctgg tgctcactga ggaagcttcc ttaggtgtac cgatcttaat gattgagccc 
61 ttggagcagc aagattgtta atcttggttg ctcctttggc ctgtctatcc cttaccttcc 
121 tattacatat gaacttttct tcgttctgca catcgattgt cgtcggcgtc gtggagatcg 
181 tcgtggtgct ccggtggtgg tcttcgtccg cttagaatag tgtagttagt taggggcctt 
241 caaagaagaa agaagaagcg attggcgcgg agagatgctg gaggtgtcag tttctatgct 
301 agagtagggt agtgaaacaa tccccagcca aacctttccg gggggcgcag gttgcccaca 
361 ggaggtcgac ttgccggcgc tgtccttcgc gccgagctcc ctccatcctt ctttccgtct 
421 gctgagacgc aaggttgcgg cgcgcacgct gagcagcgca ctgactgccg cgggctccgc 
481 tgggcgattg cagccgagtc cgtttctcgt ctagctgccg ccgcggcgac ctgcctggtc 
541 ttcctcccgg acgctagcgg gttgtcaact attacctgca agcataggcc aacgaacacc 
601 ttctttccaa attaattgga atgaaacaat tctgttaact tcctaattct cagtttgaaa 
661 ctctggttgc ttaagcctga agcaatc atg gtqaappttg qcaaogcggt qpgptpgctP 
721 rtnatQcacc x^c.aacct att g gtttnn caattcnata fflppataaq tCggPtaqca 
781 grtataotaa ctganarttt taat f rntcf; nataotnnac qcttqtttpa attPPPqqSg 
841 g gnntacaaa artnnnnaac a c tttraatc atcatnatTa taatcatqap gataqqqqqp 
901 aanattrtta ttfltrataoc aat a annata oaoaanaaap tqpg^aatqp aappgattac 
961 ttrttaatot ccrtanncat ta c T9 atato otaatannac TactTHTcaT qpPPCtqtCC 
1021 ^nn yt** ttnt t tatna ttatotctan cctttacota qatantqtq PPPPqtPtqq 
1081 atttrantao atq t gntatt ttcaa o tnrn tccat C atnc apptPtqgqp catatcqptq 
1141 nanrootatQ tanraatapo ta a t^tatt aaacataoPO qqttpaattc qpqqaPtgaq 
1201 nnnatcataa a gattnncat cQtttnnooa atatoaataq qgqfflpaqt TPCt9TPCPt 
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1261 fltqgnqqgc Tqaqqqacqa aaocaaaotQ ttcotoaata a c accacgto nntnnt^ aT 
1321 qggCCCaacT tCqttCTcat cnogtccttc ofg g cattct tcatcccntt oannattatg 
1381 gtqatcacct acttcttaan natctacotc Rtn c Qccatc aaactctoat ottarttrpa 
1441 gqtcgcaccq aggaggaact ggrtaatatn aocctQaact ttctoaartn ntgctggaag 
1501 agqaatqqtq qtgaQQaaoa oaaoontrnn aaccctaatc caoatcaoaa accanotnna 
1561 ggqggqgaaq gaaaqogtCC cagaggcacc atgcaaoota tcaacaacna aaaoaaagrt 
1621 tccgggqtgff TTngcanat attcntqta tttctgatca tgt ggtgccc omttra Tff 
1681 eCCgatatCC TqtCqqttCt nqtoooaao occtotaacc aaaao c taat ooaoaanrrt 
1741 gtCggtqtqt TtqtqtqgaT tggctatoto tnt tcaooca tcaatcctct nntntarap f 
1801 CtCtttggtg aaatttgccg aaggoctttc tctaaatatt tggg r tgcga ttataannrp 
1861 ggggggggqff gtCCTgttcg acagattcct aoggttgctg cca c tgcm atr.iq gq ?nn 
1921 Pgqgtgggtq ttaacama tcggcatarc a a toaacoto tngctaggaa agctaatoan 
1981 ggtqgqgctq qggtgqgqaT qcaqgtggag aacttagagg t g ccagtcaa n^qr t ? ?t 
2041 fltgotcaocQ agaggattag tagtgtn t aa gcgaagagca gcgcagactt cctacaggaa 
2101 agttcctgta ggaaagtcct ccccaccccc cgtgattttc ctgtgaatca taactaatgt 
2161 aaatattgct gtgtgacaag acagtgtttt tataaatagc tttgcaaccc tgtactttac 
2221 atcatgcgtt aatagtgaga ttcggg 
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Rat 5-HT 2C 

MVNLGNAVRSLLMHLIGLLVWQFDISISPVAAIVTDTFNSSDGG 

RLFQFPDGVQNWPALSIVVIIIMTIGGNILVIMAVSMEKKLHNATNYFLMSLAIADML 

VGLLVMPLSLLAILYDYVWPLPRYLCPVWISLDVLFSTAS1MHLCAISLDRYVAIRNP 

IEHSRFNSRTKAIMKIAIVWAISIGVSVPIPVIGLRDESKVFVNNTTCVLNDPNFVLI 

GSFVAFFIPLTIMVITYFLTIYVLRRQTLMLLRGHTEEELANMSLNFLNCCCKKNGGE 

EENAPNPNPDQKPRRKKKEKRPRGTMQAINNEKKASKVLGIVFFVFLIMWCPFFITNI 

LSVLCGKACNQKLMEKLLNVFVWIGYVCSGINPLWTLFNKIYRRAFSKYLRCDYKPD 

KKPPVRQIPRVAATALSGRELNVNIYRHTNERVARKANDPEPGIEMQVENLELPVNPS 

NVVSERISSV 
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Rat a 1B -adrenergic 

MNPDLDTGHNTSAPAHWGELKDDNFTGPNQTSSNSTLPQLDVTR 

AISVGLVLGAFILFAIVGNILVILSVACNRHLRTPTNYFIVNLAIADLLLSFTVLPFS 

ATLEVLGYWVLLSFFCDIWAAVDVLCCTASILSLCAISIDRYIGVRYSLQYPTLVTRR 

KAILALLSVWVLSTVISIGPLLGWKEPAPNDDKECGVTEEPFYALFSSLGSFYIPLAV 

ILVMYCRVYIVAKRTTKNLEAGVMKEMSNSKELTLRIHSKNFHEDTLSSTKAKGHNPR 

SSIAVKLFKFSREKKAAKTLGIVVGMFILCWLPFFIALPLGSLFSTLKPPDAVFKVVF 

WLGYFNSCLNPIIYPCSSKEFKRAFMRILGCQCRGGRRRRRRRRLGACAYTYRPWTRG 

GSLERSQSRKDSLDDSGSCMSGTQRTLPSASPSPGYLGRGTQPPVELCAFPEWKPGAL 

LSLPEPPGRRGRLDSGPLFTFKLLGDPESPGTEGDTSNGGCDTTTDLANGQPGFKSNM 
PLAPGHF 
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Rat a 1B -adrenergic 



1 303^00"^ + aaaa tq aa T r r m* tr -i aa ^r.r.aacca caacapatPa qpgpctgqpp 
61 antnoaoaaa ottoaaaoat o araacttca ctnnncccag ppaqapptpq gqC99PtPP9 
121 ractQcccca nntoaacatc arraaggcca TcTCtqtqqq PP t q qtqPtq qqpqppttpg 
181 tcctctttgc catnotaaac aa r atnttoa tcatrxtqtP qqtqqcqtqc ggPPqqqaPC 
241 tnraoacQcc caccaactac t ttatcotca acctqqppat tqctqapPtq Ptqttqaqtt 
301 tnacaatact ncccttctcc nntaccctag aaotacttaa ctactqqqtq Ctqttqaqtt 
361 tnttctotaa catntnaoca ac nntaaata tccTqtqctq taqqqcctQP gtcPTqaqqp 
421 tatotoccat ctncattgac cnntacatto q g qtnnaata ctPtctqpgq tgpPPPgcqp 
481 tnntnaccca caooaaQQCC p tr.nnar.ac tcotoaqtqt qtqnntcTtq TPpgpqqtpa 
541 trtccatcgg nrctctcctt gnataoaa a n aacctacacc caatqatqap gggqaatqtq 
601 qoatcaccaa anaacccttc taraccctct t ttnctccct aaactccttP taP9tPPpqp 
661 tnnnootcat rntoatcata tantQccaaa tntacatcot qqccaaqaqq accgccgaqa 
721 atntoaaQac aoaaatcatn aaoaaaat q t ccaactccaa qqaqctqapc ctqgqqgtqp 
781 antrraaoaa rtttcatgao g ^ranrntna Qoaotacpaa qqpcggqqqc pgcggppppg 
841 nnaottccat anntotcaaa cmttaagt tc Tccaqqqa agaqaaa qpg qppgaaapPT 
901 tnogcattgt aotnggaatq tTnatcttat qttqqcTPPP qttPTtc atc qptptpppqp 
961 ttoortccct gttrtccacc ct aaaonccc cqqacqppqt qttcaaqqtq qtqttCtqqP 
1021 tqaactactt caacagctqc ntnaatccca tnatntaccc gtqctppaqp ggggaqftpa 
1081 annnnacctt natgcgtatc cttoaatgcc a ntaccgcgg tgqccqcpqc cqpcqppqcc 
1141 Qtcgccgtct aaocgcgtg c ncttacacct ancgaccqtq qaccpqpqqp qqptpqctqg 
1201 agapatcaca qtngcggaag aa rtrtntgg ataacaqpqq pgqptqcatq aqpqqcaCflC 
1261 agaggaccct nnnntcaqcg ir.acccaa c r. naagctacct qqqtcqgqqg apqpgqppgp 
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1321 SCqtqqaqct qtQCQCCttc cccaaatnna nxcccaaaac o c tQCtcanc ttonranag n 
1381 CtgCtqqccq CCqcqQoont ctcoactcto Qqccactctt caccttnaan ctcctgdaco 
1441 gtCgtqaqgq CCCqqqaacc gaaaacaaca ccaocaan q g goactoroac accacoanng 
1501 gpgtqqccgg cqqqcagccc gocttcaa g a gcaacatgcc cctQocorcc gaocartttt 
1561 agggtccctt ttcatcctcc ccctcaacac actcacacat cggggtgggg gagaacacca 
1621 tcgtaggggc gggagggcgc gtggggggag tgtcagccct aggtagacac agggtcgcaa 
1681' ggggacaagg ggggaggggg gcggggagag gggcagctgc ttttctggca ggggcatggg 
1 741 tgccaggtac agcgaagagc tgggctgagc atgctgagag cgtggggggc ccccctagtg 
1801 gttccgggac ttaagtctct ctctcttctc tctctgtata tacataaaat gagttcctct 
1861 attcgtattt atctgtgggt acacgtgcgt gtgtctgttc ggtgtacgtg tgggctgcat 
1921 gggtgtgagt gtgaggcctg cccgcacgcg cgtgccgggg cagagcgagt gcgccccctg 
1981 gtgacgtcca ggtgtgttgt ttgtctcttg actttgtacc tctcaagccc ctccctgttc 
2041 tctagtcaat gctggcactt tgataggatc ggaaaacaag tcagatatta aagatcattt 
2101 ctcctgtg 
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F Mutant 


6.6+/-1.2* 
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ND 
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ND 
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ND 
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ND 
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5-HTjc Receptor 


5-HT EC M (nM) 


Ko (nM) 


Bmax (pm/mg) 


Native 
F Mutant 
K Mutant 


70+/-18 
28+/-2.5 # 
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1.5+/-0.2 
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1.4+/-0.2 
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Human 5-HT ; 



2A 



1 gaattcgggt gagccagctc cgggagaaca gcatgtacac cagcctcagt gttacagagt 
61 gtgggtacat caaggtgaat ggtgagcaga aactataacc tgttagtcct tctacacctc 
121 atctgctaca agttctggct tPfr Tf in ? Tf ttflt""* oaaqaaaata cttPtttggg 
181 ctnaactacq aartmntaa ta raattaaa taatnacacc gggotPtacg qtggtqaptt 
241 taactctaaa paanntaaca c ttntaatac atttaacTqg acgqtcqapT Qtq9999tPq 
301 aar.caacctt tmtotoaaa g n tnnntntc accntcqtqt PtPtcnTtaP ttPatptCPa 
361 nnaaaaaaac tnntntoctt tac t nanaoc catantnaTT 3ttPtagqt9 ttqptqqgaq 
421 ratartcotc atratoocaq t qtccctaaa naaaaagctq paqaatqcca ccggptattt 
481 rrtnatotca cttoncatao c t natatoct QCtonaTttC CttqtCfltqfi PPqtqtPP9t 
541 nttaarcatc ctntataoat a c r.aataacc tctnccqaqp ggqctttqtq qgqtPtqqgt 
601 tta^ctaoac otnntcttct cc a rnnnnto catratnnac ctCTncqcca tPtpgPtggg 
661 nnontacotc nnnatccaaa atnnnatcca ccacagppgc ttcaaptPP9 gagctggggg 
721 atttctaaaa atrattocto tttgoaccat a t ^qtaoat atatccatqc caatacpagt 
7» 1 ^tt gg qr.ta naaaacoatt naaaoat ntt taaaaagggg agttgpttgc tcqpqqgtqg 
841 taafitttatc ctnatcaact ct t ttntntr: atttttcatt CPPttagcca tcgtqqtqgt 
901 nanntacttt ctaactatca a g trantrca aaaanaagpt amttqtqtq tggqtqgtpt 
961 tnnnacacoa nnraaatta o nttctttcaa rtt^ tf;cct caqaqttPtt tqtcttpgqa 
1021 aaaontcttc canrnntcaa t c pataaaaa accagggtcp tacacaqqcg qqgqqgptgt 
1081 gnaotccatc aocaataaac p aaannnata caaqqtgptg qqpatCqtPt tPttPPtfltt 
1141 tntnntoata tnatoccctt tmcatcac a aaratcata gccgtP3tCt gpgaaqaqtc 
1201 ntQcaatoaq oatatcatto a a nr.c.cAact caaTgtgttt gtttqggtpq qttatPXPtP 
1261 ttnaocaQtc aarnractao t c tararant attcaacaag aPPtatggqt pgqPCttttC 
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1321 a Cqqt9t9tt cnqtqtcaqt acaagoaaaa r.aaaaa acca ttn^nttga ttttaotna* 
1381 ggcaatgrpq qctttqqcot acaaotctao cr^ t tcaa atnnn a r aaa aaaanaa tt,- 
1441 aaagpaagat gccaagacaa canataatn* rtn^ a atQ Qt tnrtf»„ 0 Qaaan r a n„ a 
1501 ttQtqaaqgq qymctaaaq acaataocoa nn n fl gt na at oaaaan ntn a i -fltim 
1561 ataggctagt tgccgtggca actgtggaag gcacactgag caagttttca cctatctgga 
1621 aaaaaaaaat atgagattgg aaaaaattag acaagtctag tggaaccaac gatcatatct 
1681 gtatgcctca ttttattctg tcaatgaaaa gcggggttca atgctacaaa atgtgtgctt 
1741 ggaaaatgtt ctgacagcat ttcagctgtg agctttctga tacttattta taacattgta 
1801 aatgatatgt ctttaaaatg attcactttt attgtataat tatgaagccc taagtaaatc 
1861 taaattaact tctattttca agtggaaacc ttgctgctat gctgttcatt gatgacatgg 
1921 gattgagttg gttacctatt gccgtaaata aaaatagcta taaatagtga aaattttatt 
1981 gaatataatg gcctcttaaa aattatcttt aaaacttact atggtatata ttttgaaagg 
2041 agaaaaaaaa aaagccacta aggtcagtgt tataaaatct gtattgctaa gataattaaa 
2101 tgaaatactt gacaacattt ttcatagata ccattttgaa atattcacaa ggttgctggc 
2161 atttgctgca tttcaagtta attctcagaa gtgaaaaaga cttcaaatgt tattcaataa 
2221 ctattgctgc tttctcttct acttcttgtg ctttactctg aatttccagt gtggtcttgt 
2281 ttaatatttg ttcctctagg taaactagca aaaggatgat ttaacattac caaatgcctt 
2341 tctagcaatt gcttctctaa aacagcacta tcgaggtatt tggtaacttg ctgtgaaatg 
2401 actgcatcat gcatgcactc ttttgagcag taaatgtata ttgatgtaac tgtgtcagga 
2461 ttgaggatga actcaggttt ccggctactg acagtggtag agtcctagga catctctgta 
2521 aaaagcaggt gactttccta tgacactcat caggtaaact gatgctttca gatccatcgg 
2581 tttatactat ttattaaaac cattctgctt ggttccacaa tcatctattg agtgtacatt 
2641 tatgtgtgaa gcaaatttct agatatgaga aatataaaaa taattaaaac aaaatccttg 

FIGURE 20A - CONTINUED 
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2701 ccttcaaacg aaatggctcg gccaggcacg gaggctcgtg catgtaatcc tagcactttg 
2761 ggaggctgag atgggaggat cacttgaggc caagagtttg agaccaacct gggttacaaa 
2821 gtgagacctc cctgtctcta caaaaaaaat caaaaaatta tctgatcctt gtggcacaca 
2881 actgtggtcc cagctacagg ggaggctgag acgcaaggat cacttgagcc cagaagctca 
2941 aggctgcagt gagccaagtt cacaccactg ccatttcctc ctgggcaaca gagtgagacc 
3001 ctatcacccc gaattc 
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Human 5-HT2A 



MDILCEENTSLSSTTNSLMQLNDDTRLYSNDFNSGEANTSDAFN 

WTVDSENRTNLSCEGCLSPSCLSLLHLQEKNWSALLTAVVIILTIAGNILVIMAVSLE 

KKLQNATNYFLMSLAIADMLLGFLVMPVSMLTILYGYRWPLPSKLCAVWIYLDVLFST 

ASIMHLCAISLDRYVAIQNPIHHSRFNSRTKAFLKIIAVWTISVGISMPIPVFGLQDD 

SKVFKEGSCLLADDNFVLIGSFVSFFIPLTIMVITYFLTIKSLQKEATLCVSDLGTRA 

KLASFSFLPQSSLSSEKLFQRSIHREPGSYTGRRTMQSISNEQKACKVLGIVFFLFVV 

MWCFFFOTNIMAVICKESCNEDVIGALLNVFVWIGYLSSAVNPLVYTLFNKTYRSAFS 

RYIQCQYKENKKPLQLILVNTIPALAYKSSQLQMGQKKNSKQDAKTTDNDCSMVALGK 
QHSEEASKDNSDGVNEKVSCV 
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Human 5-HT 2C 



1 gaattcggga gcgtcctcag atgcaccgat cttcccgata ctgcctttgg agcggctaga 
61 ttgctagcct tggctgctcc attggcctgc cttgcccctt acctgccgat tgcatatgaa 
121 ctcttcttct gtctgtacat cgttgtcgtc ggagtcgtcg cgatcgtcgt ggcgctcgtg 
181 tgatggcctt cgtccgttta gagtagtgta gttagttagg ggccaacgaa gaagaaagaa 
241 gacgcgatta gtgcagagat gctggaggtg gtcagttact aagctagagt aagatagcgg 
301 agcgaaaaga gccaaaccta gccggggggc gcacggtcac ccaaaggagg tcgactcgcc 
361 ggcgcttcct atcgcgccga gctccctcca ttcctctccc tccgccgagg cgcgaggttg 
421 cggcgcgcag cgcagcgcag ctcagcgcac cgactgccgc gggctccgct gggcgattgc 
481 agccgagtcc gtttctcgtc tagctgccgc cgcggcgacc gctgcctggt cttcctcccg 
541 gacgctagtg ggttatcagc taacacccgc gagcatctat aacataggcc aactgacgcc 
601 atccttcaaa aacaactgtc tgggaaaaaa agaataaaaa gtagtgtgag agcagaaaac 
661 gtgattgaaa cacgaccaat ctttcttcag tgccaaaggg tggaaaagaa aggatgatat 
721 gatgaaccta gcctgttaat ttcgtcttct caattttaaa ctttggttgc ttaagactga 
781 flg^aatr^t g ntnaacctaa pgaatQcaot ncattcattc CttqtqcaCC t99ttqqCCt 
841 attQQtttQQ caatatoata m ntotaaa crraataoca actataqtaa Ctqacatttt 
901 caatacctcc natootaqao acttcaaatt cccaaacq ga atacaaaact qqccaqcact 
961 ttcaatcatc atnataataa tc atnanaat acmtaacaac atccttqtqa tQatqqpaqt 
1021 aaacatqqaa aaaaaactqn acaatqcca n caattacttc ttaatqtccc taqccattqp 
1081 toatatacta otnnaactac t tntcatocc cntntrtctc ctoacaatCC tttatqatta 
1141 tntntoocca rtanctaoat a tttotaccc cntotooatt tctttaqatq ttttattttC 
1201 aacaacqtcc atcatqcacc tntocqcta t atcactaaat rantatqtaq caatacqtaa 
1261 tcctattqaq cataQccott t oaattcqcq oantaaoacc atcatqaaqa ttqctattqt 
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1321 ttggqcaatt tctataaato tatcaottcc t atccctata attaaactaa QQaacQaaaa 
1381 aaaaotottc ataaacaaca caacotqcat octnaan aac ccaaatttco ttcttattoa 
1441 fltccttcqta QCtttcttca taccqctoac o attatqqtq attacatatt occtoancat 
15 °1 Ctacqttctq cqccqacaaa ctttoatatt actacac ggc cacaccoaaa aaccocntna 
1561 actagqtctq qatttcctqa aqtqctqcaa aaQQaatac o qccqagoaag aoaactcton 
"•621 aaaccctaac caaqaccaoa acocacqcca aaoa aaqaaa aaqqaoaaac qtcctagqgg 
1681 caccatqcag qctatcaaca ataaaaoa aa aqcttcaaaa otccttogqa ttottttctt 
1741 tgtqtttctq atcatqtqqt occcattttt cat taccaat attrtqtcto ttctttatoa 
1601 qaaqtCCtqt gaccaaaagc tcatqqaaaa acttctoaat ot qtttqttt qgattgocta 
1861 tqtttqttca qqaatcaatC CtCtqqtOta tactctgttc aar aaaattt amoaannnr 
1921 attctccaac tatttqcqtt qcaattat aa qataoagaaa aaqcctcctq tcaoQcaoat 
1981 tccaaqaqtt qccaccactq ctttgtnt gg aaQaoaqctt aatottaaca tttatcqqca 
2041 taccaatqaa ccggtqatcq aqaaaqccaa toanaat oaa cccaotataq aaatocaaot 
2101 tqaqaattta qaqttaccaq taaatccctn caatataott a qcqaaaoqa ttaqcaqtat 
2161 atgagaaaga acagcacagt cttttctacg gtacaagcta catatgtagg aaaattttct 
2221 tctttaattt ttctgttggt cttaactaat gtaaatattg ctgtctgaaa aagtgttttt 
2281 acatatagct ttgcaacctt gtactttaca atcatgccta cattagtgag atttagggtt 
2341 ctatatttac tgtttataat aggtggagac taacttattt tgattgtttg atgaataaaa 
2401 tgtttatttt tgctctccct cccttctttc cttccttttt tcctttcttc cttcctttct 
2461 ctctttcttt tgtgcatatg gcaacgttca tgttcatctc aggtggcatt tgcaggtgac 
2521 cagaatgagg cacatgacag tggttatatt tcaaccacac ctaaattaac aaattcagtg 
2581 gacatttgtt ctgggttaac agtaaatata cactttacat tcttgctctg ctcatctaca 
2641 catataaaca cagtaagata ggttctgctt tctgatacat ctgtcagtga gtcagaggca 
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2701 gaacctagtc ttgttgttca tataggggaa ttc 
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MVNLRNAVHSFLVHLIGLLVWQCDISVSPVAAIVTDIFNTSDGG 

RFKFPDGVQNWPALSIVIIIIMTIGGNILVIMAVSMEKKLHNATNYFLMSLAIADMLV 

GLLVMPLSLLAILYDYVWPLPRYLCPVWISLDVLFSTASIMHLCAISLDRYVAIRNPI 

EHSRFNSRTKAIMKIAIVWAISIGVSVPIPVIGLRDEEKVFVNNTTCVLNDPNFVLIG 

SFVAFFIPLTIMVITYCLTIYVLRRQALMLLHGHTEEPPGLSLDFLKCCKRNTAEEEN 

sanpnqdqnarrrkkkerrprgtmqainnerkaskvlgivffvflimWCFFFHtnils 

VLCEKSCNQKLMEKLLNVFVWIGYVCSGINPLVYTLFNKIYRRAFSNYLRCNYKVEKK 

PPVRQIPRVAATALSGRELNVNIYRHTNEPVIEKASDNEPGIEMQVENLELPVNPSSV 
VSERISSV 
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Rat 5-HTsa Cysteine -♦ Lysine Mutant 

MEILCEDNISLSSIPNSLMQLGDGPRLYHNDFNSRDANTSEASN 

WTIDAENRTNLSCEGYLPPTCLSILHLQEKNWSALLTTWIILTIAGNILVIMAVSLE 

KKLQNATNYFLMSLAIADMLLGFLVMPVSMLTILYGYRWPLPSKLCAIWIYLDVLFST 

ASIMHLCAISLDRYVAIQNPIHHSRFNSRTKAFLKIIAVWTISVGISMPIPVFGLQDD 

SKVFKEGSCLLADDNFVLIGSFVAFFIPLTIMVITYFLTIKSLQKEATLCVSDLSTRA 

KLASFSFLPQSSLSSEKLFQRSIHREPGSYAGRRTMQSISNEQKA|gKVLGIVFFLFVV 

MWCPFFITNIMAVICKESCNENVIGALLNVFVWIGYLSSAVNPLVYTLFNKTYRSAFS 

RYIQCQYKENRKPLQLILVNTIPALAYKSSQLQVGQKKNSQEDAEQTVDDCSMVTLGK 

QQSEENCTDNIETVNEKVSCV 
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Rat 5HT2A Cysteine -* Lysine Mutant 
1 cccaggctat gaacccctag tctctccaca cttcatctgc tacaacttcc ggcttagaca. 
61 tqqagattCt ttotoaaaac aatatctctc t oaactcaat tncaaactcc ttaatgraat 
121 tgqqtqatgq cccgaqactc taccataata acttcaactc caaaoatnct aacacttcao 
181 ggqcatcqaa ctggacaatt gatoctaaaa acaoaarraa cctctnctot naaaoatacc 
241 tCCCaccqac atacctctcc attcttcatn tr caoaaaaa aaactcmtct ormattna 
301 gaactqtcqt qattattctc accattgcto oa aatatact aotcatcato acaatatr.r.r. 
taqaaaaaaa gctgcagaaT gccaccaart atttcntnat ntcacttacn ataactoata 
1 tgctqptqqq tttC CttqtC atqcctqtqt ccato ttaac catcctotat oootarmnt 
1 qqcctttqcc taqcaaaotn tatacaatct o aatttacct oaatatQctc ttttctacaa 
CatccatCat gcacctctgc gccatctccc tooa ncgcta tatcoccatc caaaarcnra 
ttcaccacgq COgcttcaac tcoaaaacca aa o ccttcct oaaaatcatt occntntnga 
661 CCatatCtqt aqqtatatcc atoccaatnn caatcttton actacaanat aattcoaaon 
721 tCtttaaaoa ggaoaontac ctgcttoc ca atoanaactt tottctcata goctcttttg 
781 taqcattttt catcccccta accatcatao t aatcaccta cttcctoact atcaaotcac 
841 ttcaqaaaqa aqccaccttn tatotaagt g acctcaocac tcoaaccaaa ctaar.rAr.r.t 

901 tCgqcttCCt CCCtcagaot tctctotcat caaaaaaant cttccaanng tccatcnara 

Start C322K primer — 

961 flaqaqccaqg CtCCtacgca gaccQaaoo a cgatocaatc catcaocaat &aocaaaann 

j -End C322K primer 

1021 pqaflBlaaqqt qctqqqcatc atottoU rn tgtttQttot aatotgotan ccattcttra 

1081 tcaccaatat catggccgtc atctacaaan aatcctacaa toaaaatotc atCQoagrnr 

1141 tqctcaatqt qtttqtCtgq anngttatc tctrin t caoc totraatcca ctoatatata 

1201 Cqttqttcaa taaaacttat aootcconnt t c tcaaonta rattcaotot naatacaann 

1261 aaaacaqaaa gccactqcag ttaattttaa to aacactat ancagcattg arctaraagt 
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1321 rtantcaact ^anatonoa naaaaaaaqa artranaoaa aqatQCtqaq cgqgcaqttg 
1381 atnantoctc catqattaca c toogqaaac aacaqtcqqa aggggaflgt gpgqgcggtg 
1441 ttgaaancot oaataaaaaq o ttaoctata tqtqatqaac tggatgctat ggcaattgcc 
1501 cagggcatgt gaacaaggtt atacccatgt gtgtggggcg gggataagga ggctgcaaca 
1561 aattag 
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Rat 5HT2A Cysteine -+ Lysine Mutant with Restriction Site 

1 cccaggctat gaacccctag tctctccaca cttcatctgc tacaacttcc ggcttagaca 

61 tqqaagttct TTgtqggqgc aatatctctc taaootcaat tnnaaact cc ttaatnnaat 

121 taqqtqatqq cccqaqqcto taccataato acttcaactc ra g anatoct aarar^ ggg 

181 ggqcatcqga ctqqacaatt natoctoaaa anagaaccaa nn t ctcctat naag ngtagr 

241 tcccgccqgc atqcctctcc attcttcatn trr a aaaaaa aaactootct antttattna 

301 CaaQtqtcqt qattattctc accattactQ oaaatatact notnatra ta acaotatrrr 

361 taqaaaaaaa qctacaQaar gccacraar t amcctoat qtcacttocn ataoctoata 

421 tqctqctqqq tttccttotc atacctatot n c atattaac catcctatat og gtarggg^ 

481 qqcctttqcc taqcaaQCtc tatocoatct a oatttannt gqatatactc mtctanon 

541 ggtccgtcgt qcacctctqc gccatctccc t q qaccQcta tatcoccatn naoaacccea 

601 ttcapcagaq pcqcttcaac tccagaacca a a occttnnt naaaatcatt oorntnt gga 

661 PPatgtCtqt aqqtatatcc ataccaatcr na o tctttoo antacaQoat aattnnaagg 

721 tCtttagqqa qqqqaqctqc ctocttocrn a toacaactt tgttctcata Qoctcttng 

781 tqqcgttttt catcccccta accatcatoa t g atcaccta nttcctoact atcaagtcan 

841 ttpaqgggqg agccaccttq tqtgtaaotn a n ctcagcac tngaoccaaa rtanrrt^ 

901 tcgqcttcct GCCtcaqaqt tctctgtcat can aaaaoct cttncaacoa trratrrara 

Start C322K primer — i 

961 flaqaqcpgqq ctCCtacqca qgccQaaooa caatacaatr. catcagriaatigaqcaaaagg 

j End C322K primer 

1021 CqflEDQIaayit ictqqqcatc qtqttcjttcc tnttt n ttqt aatotootqc ccattcttra 

1- 2- Mutations to create Seal site 

1081 tegecaatat catqqccqtc atctocaaao a a tcctacaa toaaaatqtc atconag ^cr 

1141 tqgtcgatqt qtttgtctqq atTggttatr trtr ctcaon totnaatcca ctootatata 

1201 gqttqttcaa taaaacttat aqqtccgcct tct c aaggta cattcagtgt caotanaagg 

1261 agggcaqaag gccactgcag ttaattttao toaan a ctat arranrattq gectaraant 
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1321 ntantnaact rcaoataaaa naoaaaaa o a actcacaooa aqatqctqaq Caqacaqttq 
1381 atyiactnctc natoottaca Rtoaaoaa a n aacaotcrma aqagaattqt acaqacaata 
1441 ttnaaaccqt oaatoaaaaa o ttaoctota tqtqatqaac tggatgctat ggcaattgcc 
1 501 cagggcatgt gaacaaggtt atacccatgt gtgtggggcg gggataagga ggctgcaaca 
1561 aattag 
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Rat 5-HT^ Cysteine -* Arginine Mutant 



MEILCEDNISLSSIPNSLMQLGDGPRLYHNDFNSRDANTSEASN 

WTIDAENRTNLSCEGYLPPTCLSILHLQEKNWSALLTTVVIILTIAGNILVIMAVSLE 

KKLQNATNYFLMSLAIADMLLGFLVMPVSMLTILYGYRWPLPSKLCAIWIYLDVLFST 

ASIMHLCAISLDRYVAIQNPIHHSRFNSRTKAFLKIIAVWTISVGISMPIPVFGLQDD 

SKVFKEGSCLLADDNFVLIGSFVAFFIPLTIMVITYFLTIKSLQKEATLCVSDLSTRA 

KLASFSFLPQSSLSSEKLFQRSIHREPGSYAGRRTMQSISNEQKAiKVLGIVFFLFVV 

MWCPFFITNIMAVICKESCNENVIGALLNVFVWIGYLSSAVNPLVYTLFNKTYRSAFS 

RYIQCQYKENRKPLQLILVNTIPALAYKSSQLQVGQKKNSQEDAEQTVDDCSMVTLGK 
QQSEENCTDNIETVNEKVSCV 
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Rat 5HT 2A Cysteine -* Arginlne Mutant 
1 cccaggctat gaacccctag tctctccaca cttcatctgc tacaacttcc ggcttagaca 
61 tnoaaattct ttotoaaoac a atatctctc tqanntnaat tccaaactcc ttaatqcaat 
121 tanotoatoa cccoanactc t arrataata acttcaactc caqaqatqct aacagttCqq 
181 aaacatcaaa ctaaacaatt aatactaa aa acaoaannaa cctctcctat oaaqqqtacc 
241 tr.c.caccaac atacctctcc attcttcatc t^naaaaa aaactaotct qctttattqa 
301 caactotcat nattattctc accattocta o aaatatact QQtcatcatq qcaqtqtCCC 
361 taoaaaaaaa actacaoaat accaccaa rt atttcctoat atcacttacc ataqctqata 
421 tactQctQQg tttccttatc atanctatat nnatottaac catcctqtat qqqtaCCqqt 
481 oor.ntttacc taocaaactc tatacaatc t nnatttacct aaatatactc ttttCtacqq 
541 catccatcat ocacctctac accatctcc n tooaccaota tatCQCCatC caqa9CCCC9 
601 ttcaccacaa ccocttcaac tccaaaacca aaacc ttcnt aaaaatcatt qccQtqtqqa 
661 nnatatctot aootatatcc ataccaatcc naotntttaa actacaqqat qattcqaaqq 
721 tctttaaaaa oQaaaQCto c ntacttQccq ataacaactt tattctcata qqctcttttq 
781 tnonattttt catcccccta accatcatao tnatnacnta ottcctaact atcaaqtcac 
841 ttcaaaaaaa aaccacctto tatataaota acctca ocac tcaaaccaaa ctaqcctcct 
901 tcaocttcct nnctcaaaot tctctatcat caaaaaaa ct cttccaacaa tccatccaca 



Start C322R primer • 

961 aaaaaccaoo ctcctacaca Qaccoaaaaa cq atocaQtc catcaocaat qafctcaaaaqq 



r~End C322R primer 

1021 ca®(g |(g|aa qat octaaaca t n atattcttcc)tntttottot aatataatac ccattcttca 
1081 tcaccaatat catoaccatc atctocaaa a aatcctacaa taaaaatqtc atcqqaqccc 
1141 toctcaatat ntttatctoa attoattatc tc tcctcaac tqtcaatcca ctqqtatata 
1201 cottQttcaa taaaacttat aoatccocct tntraaaata cattcaatqt caqtacaaqq 
1261 aaaacaoaaa Qccactocao ttaattttaa taaacac tat accaacatta qcctacaaqt 
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1321 Ptgqtcaqct ccaqgtqqna caaaaaaaoa actcacan g a aoatactoao caoanantto 
1381 gtqactqctc catqqttaca ctaoaaaaan aacaotcnn a aaaoaattnt acaoanaata 
1441 ttqaaaccgt gaatgaaaaq ottaactato tg tgatgaar tggatgctat ggcaattgcc 
1501 cagggcatgt gaacaaggtt atacccatgt gtgtggggcg gggataagga ggctgcaaca 
1561 aattag 
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Rat 5HT2A Cysteine -* Argtnine Mutant with Restriction Site 

1 cccaggctat gaacccctag tctctccaca cttcatctgc tacaacttcc ggcttagaca 

61 tooaaattct ttntoaaoac a atatctctc tnanctcaat tccaaactcc ttaatqcaat 

121 taoatoataa nccaaqqctc taccataato acttcaactc caqaqatqct gacacttcqq 

181 aannatcoaa ctoqacaatt oatactaaa a anaoaaccaa cctctcctqt qagqqqt9CC 

241 tcccaccoac atonrtctcc a ttnttcatc tcoaaaaaaa aaactqqtCt qctttattqa 

301 naactotcat oattattctc accattocta a aaatatact aatcatcatq qcaqtqtccc 

361 taoaaaaaaa gctqcaqaat accaccaa ct atttcctoat otcacttacc ataactqata 

421 tactoctQQo tttccttotc atacctatot ccatatta ac catcctatat qqqtaccqqt 

481 gnrntttocc taocaaqctn totacoatct gqatttac nt Qqatqtqctc ttttctacqq 

541 catccatcat ocacctctoc occatctccc taoaccacta tqtcqccatc caqaacccca 

601 ttcaccacaa ncocttcaac tccaqaacc a aaqccttcct qaaaatcatt qccqtqtqqa 

661 rratatctot aaatatatcc atoccaatcc raotntttao actacaqqat qattcqaaqq 

721 tctttaaqqa naaoaqctoft rtocttacca atqacaa ntt tattctcata qqctcttttq 

781 TQacattttt catnncccta ac natcatoq tqatcaccta cttcptgact atcaaqtcap 

841 ttcaqaaaqa aqccacctta tqtqtqaqta acctcao nan tcqaqocaaa ctaqcctcct 

901 tcaacttcct ccctcaqaqt tctctqtcat caaaaaaac t cttccaacqq tccatccaca 

Start C322R primer ^ 

961 qaqaqccaoq ctcctacqca qqccqaaaqa caa tacaqtc catcaqcaat qafccaaaaqq 

j— End C322R primer 

1021 rg^gg aannt qctqqqcatc qtqttcttccjtqtttqttqt aatqtqqtqp c cattpftca 
1081 tnancaatat cataoccqtc atctqcaaa a aatcctqcaa toaaaatqtc atcqqaqccc 
1 141 toctcaatqt otttotctqo attoqttatc tctcctca ac tqtcaatcca ctqqtatata 
1201 cattqttcaa taaaacttat aoatccacct totnaaaqta cattcaqtqt caqtacaaqq 
1261 aaaacaqaaa qccactqcaq ttaattttaq tqaacac tat accaqcattq qcctacaagt 
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1321 Ctaqtcaqct ccaqqtqoaa caoaaaaana actcaranna aoatactoaa caaacanttg 
1381 gtqgctqctC catqqttaca ctoooaaaao a a caotnnna agaoaattat araaanaata 
1441 ttnaaaccgt gaatqaaaao nttaoctatn to t qa tg aa ^ tggatgctat ggcaattgcc 
1501 cagggcatgt gaacaaggtt atacccatgt gtgtggggcg gggataagga ggctgcaaca 
1561 aattag 
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Rat 5-HT 2A Cysteine ■* Glutamic Acid Mutant 

MEILCEDNISLSSIPNSLMQLGDGPRLYHNDFNSRDANTSEASN 

NA/TIDAENRTNLSCEGYLPPTCLS1LHLQEKNWSALLTTVVIILTIAGNILVIMAVSLE 

KKLQNATNYFLMSLAIADMLLGFLVMPVSMLTILYGYRWPLPSKLCAIWIYLDVLFST 

ASIMHLCAISLDRYVAIQNPIHHSRFNSRTKAFLKIIAVWTISVGISMPIPVFGLQDD 

SKVFKEGSCLLADDNFVLIGSFVAFFIPLTIMVITYFLTIKSLQKEATLCVSDLSTRA 

KLASFSFLPQSSLSSEKLFQRSIHREPGSYAGRRTMQSISNEQKAgKVLGIVFFLFVV 

MWCPFFITNIMAVICKESCNENVIGALLNVFVWIGYLSSAVNPLVYTLFNKTYRSAFS 

RYIQCQYKENRKPLQLILVNTIPALAYKSSQLQVGQKKNSQEDAEQTVDDCSMVTLGK 

QQSEENCTDNIETVNEKVSCV 
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Rat 5HT2A Cysteine -* Glutamic Acid Mutant 
1 cccaggctat gaacccctag tctctccaca cttcatctgc tacaacttcc ggcttagaca 
61 tflqaaattct ttotqaaoac aatatctctr tnan ctcaat trraaactcc ttaatnraat 
121 tagqtqatqq CCCqaQQCtC taccataatn a c ttcaantn ragaoatact aaracttcgg 
181 agqcatcqaa Ctqgacaatt natoctoaaa a r^ agaacoaa nntctcctot naann n t«rr 
241 tCCCaccqac gtqcctCtce attcttcatc trr a aoaaaa aaantootct octftattr^ 
301 CaaCtqTCqt qattattCtC accattoctn naaata tact ontratrato acaatntr.r.r. 
361 taqggaagag qctqcaqaat nccaccaact atttr c toat otnarttncc ataoctnata 
421 tqctqctqqq TTtCCttqtC atgcctgtgt nratntt a ac catcctotat aootannnnt 
481 PqCCntqCC TaqcaagcTC totqcqatct nnatttacnt nnatntn ctc ttttctarnn 
541 CatCCatcat qcacctCtgc occatctnnc rnn acconta tntrgccatc raq a a r r ™^ 
601 ttCapcacaq CCqcttcaac tccaoaanna a a accttcfit naaaatcatt ar.r.ntgi gqa 
661 Ppatatgtgt aggtatatcc atoocaatcr rantr t ttqq actacaqgat gattcnaagg 
721 tPtttaaqqa qqqgagctgc ctgcttanrn at g acaactt tottctcata gqctmtttg 
781 tgqcamtt CatCCCCCta aocatcatqg tnat c accta nttortgact atnaagt^ af; 
841 ttcgqaaaqa aqccacctTa totctcaotQ arr t caocan tnnagccaaa ctaomtrrt 

901 tPagCttQCt qcctcaqagt tctctgtcat nana a aaqct Mtr.r.aacaa tnnatrrar a 

Qe Start C322E primer , 

a61 flaqgqccgqq ctcctacgca nnccqaaooa rn a tccaotn natcaqcaat na^ raaaagg 



1 ° 2 1 gfl@H@aagqt qctgqgnatr Qtottnttrr 



p-End C322E primer 
tgtttgttgt aatctooton ccattcttra 



1081 tcacpaatat catgqccgtc atctgcaaan aatr c tqcaa taaaaatotc atrnnag mr 
1141 tqctpaatqT qntqtctqg aTTnottatc tctr^tr a oc totnaatma ctggtatata 
1201 cqttqncaa taaaacttat anntccgcct trtr^ ggta cattrantgt cagtaraagg 
1261 aaaacaqaaa gncactgcag ttaattttan tn^n ^ t accagrattn g rr T ^ a? g t 
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1321 rtaotcaQct cranotoaaa c anaaaaaqa ar.tnanaaqa aQatactqaq cgqgcgqttq 
1381 atnantoctc catgottaca c t gnaaaaac aacaqtcqqa aqgqagttqt agaqapaata 
1441 ttnaaaccot naatoaaaaq nttaoctqta tq tqatqaac tggatgctat ggcaattgcc 
1 501 cagggcatgt gaacaaggtt atacccatgt gtgtggggcg gggataagga ggctgcaaca 
1561 aattag 
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Rat 5HT2A Cysteine - Glutamic Acid Mutant with Restriction Site 
1 cccaggctat gaacccctag tctctccaca cttcatctgc tacaacttcc ggcttagaca. 
61 tqqagattct ttqtqaaoac aatatctntn t nagctcaat tccaaactr^ t^ gr. ^ 
121 taqqtqgtqq cccqaqactc taccataato arttcaactc nana n atgct aacarttnnn: 
181 agqggtcqaa Ctqqacaatt oatoctoaaa a caoaaccaa cctctcctot naaoootacn 
241 tCCCgccqaO atqcetCtCO attcttcatn tnr aoaaaaa aaactootct ortttattf ia 
301 caactqtcqt qattattctc accattontn naaa tatact ootratcato acaotg tn r .r. 
361 tgqaaaaaaa gctgcaqaat gccaccaact at ttcctoat otnacttocc atanrtnata 
421 tqctqctqqq tttCCttgtc atgcctotat rr a tottaac catcctotat nontanrggt 
481 qqCCtttqcc taqcaaoctn totonnatnt QQatttacnt ggatotantn ttttctannn 
541 CgtCCatcaT qcacctctoc gccatctccc t o aaccacta totcgccatn naQaacccra 
601 ttcaccacgq ccgcttcaao tccaoaarra a aaccttcct aaaaatcatt nccototaoa 
661 ccatatctqt agqtatatcc atgccaatnn r a otctttao antacaoaat oattng aagg 
721 tctttaaqqa qqqgagctqc ctgcttonnn a toacaactt tgttctcata ooctrttttg 
781 tqqcattttt catcccccta aocatcaton to a tcaccta cttcctaact atraant^ 
841 ttcgqgaaqg aqccaccTtg tgtataaotn a cctcannan tcaaoccaaa rAaar.r.tr.r.t 

901 tpagcttcqt ccctcagaqt tctctotcat nana aaaqct cttccaacoQ tnnatrrara 

Start C322E primer , 

961 flgggqcgggq ctcctacqca qqccqaanoa c qatocagtc catcaocaar nabcaaaaon 

p End C322E primer 

1021 £fl@«ggqqt glCtqqqoato qtgttcttcd tot ttgttot aatotootoc crattrt^ a 



Mutation to create Rsal site 
1081 tcgcgggtat catggccqtc atctocaaan aat cctqcaa toaaaatotc atnnnag^ r 

1141 tqctcggtqt qtttqtctqq attgottato tr.tr. rAr.aar. tntraatcca ctng tafata 

1201 cqttqttcag taaaacttat anotcconnt tnt c aaoota cattc aotot rantaraagg 

1261 agggcaqaaa qccactqcaq ttaattttao tna acactat accaqcatta nrr T araag T 
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1321 ^g gtrannt cranataaoa c a naaaaaaa actcacaqqa aqgtq<nqqq pgqacgqttn 
1381 atnartoctc catnattaca c tnnooaaac aacaqtcqqg aqgqggttqt argqgcggtg 
1441 ttnaaaccat oaataaaaao q ttaoctata tqtqataaac tggatgctat ggcaattgcc 
1501 cagggcatgt gaacaaggtt atacccatgt gtgtggggcg gggataagga ggctgcaaca 
1561 aattag 
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Rat 5-HT 2C Serine -* Lysine Mutant 
MVNLGNAVRSLLMHLIGLLVWQFDISISPVAAIVTDTFNSSDGG 

RLFQFPDGVQNWPALSIVVIIIMTIGGNILVIMAVSMEKKLHNATNYFLMSLAIADML 

VGLLVMPLSLLAJLYDYVWPLPRYLCPVWISLDVLFSTASIMHLCAISLDRYVAIRNP 

IEHSRFNSRTKAIMKIAIVWAISIGVSVPIPVIGLRDESKVFVNNTTCVLNDPNFVLI 

GSFVAFFIPLTIMVITYFLTIYVLRRQTLMLLRGHTEEELANMSLNFLNCCCKKNGGE 

EENAPNPNPDQKPRRKKKEKRPRGTMQAINNEKKAlKVLGIVFFVFLIMWCPFFITIMI 

LSVLCGKACNQKLMEKLLNVFVWIGYVCSGINPLVYTLFNKIYRRAFSKYLRCDYKPD 

KKPPVRQIPRVAATALSGRELNVNIYRHTNERVARKANDPEPGIEMQVENLELPVNPS 
NVVSERISSV 
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Rat 5HT 2C Serine -* Lysine Mutant 
ORIGIN 23 bp upstream of Hindlll site. 

1 ggcgctctgg tgctcactga ggaagcttcc ttaggtgtac cgatcttaat gattgagccc 
61 ttggagcagc aagattgtta atcttggttg ctcctttggc ctgtctatcc cttaccttcc 
121 tattacatat gaacttttct tcgttctgca catcgattgt cgtcggcgtc gtggagatcg 
181 tcgtggtgct ccggtggtgg tcttcgtccg cttagaatag tgtagttagt taggggcctt 
241 caaagaagaa agaagaagcg attggcgcgg agagatgctg gaggtgtcag tttctatgct 
301 agagtagggt agtgaaacaa tccccagcca aacctttccg gggggcgcag gttgcccaca 
361 ggaggtcgac ttgccggcgc tgtccttcgc gccgagctcc ctccatcctt ctttccgtct 
421 gctgagacgc aaggttgcgg cgcgcacgct gagcagcgca ctgactgccg cgggctccgc 
481 tgggcgattg cagccgagtc cgtttctcgt ctagctgccg ccgcggcgac ctgcctggtc 
541 ttcctcccgg acgctagcgg gttgtcaact attacctgca agcataggcc aacgaacacc 
601 ttctttccaa attaattgga atgaaacaat tctgttaact tcctaattct cagtttgaaa 
661 ctctggttgc ttaagcctga agraatcat q ataaacc tta ocaacacaat acqctcqctc 
721 ctoatocacn taatcaqcct attaatttaa caattco ata tttccataaq tccaqtaqca 
781 actataqtaa ctoacacttt taattcctcc oatqqtqq ac octtatttca attcccqqac 
841 gqqqtacaaa actqqccaac actttcaa tn ntngtoatta taatcatqac aataqqqqqc 
901 aacattcttq ttatcatqqc aqtaaqcatq qaqaao aaac tqcacaatqc aaccaattac 
961 ttcttaatat ccntaoccat tg ctaatatq ctqqtqqqac tacttqtcat gcccqtqtcc 
1021 ctqcttqcta ttntttatqa ttatqtctqq cc tttarcta qatatttqtq ccccqtctqq 
1081 atttcactaq atotoctatt t t caactqcq tccatcatqc acctctqcqc cgtgtpqctq 
1141 oaccqqtata taonaatacq t aatcctatt qaacataqcc qqttcaattc qcqqactagq 
1201 qccatcatqa aoattoccat Rotttqgqca atatcaatao qaqtttcaqt tCCtatCCCt 
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12 61 qtqgnqqgc tqgqqqacqa aaqcaaaato ttcotoaata a caccacota catoctcaat 

1321 qaCCCCaa Ct tCqttCtCat OgqqtCCttC gtggcattct tcatcccott narnattatn 

1381 qtqatcacct acttcttaac gatctacotc ntacoRRotn aaactctoat gttacttcaa 

14^1 ggtCacaCCq aqqaqqaact qgctaatato aocctoaact t tctgaacto ntnrtn raag 

1501 aagaatggtg qtqagoaaga gaacgctccg aacccta atc caaatcaaaa accacotRaa 

Start S3 1 2K primer t, 

1561 aaqggqaaaq aaaagcqtcc cagaggcacc atgcaaoct a tcaacaafcna aaaaaaaont 

r—End S312K primer 

1621 ®®@gggqtcc ttggcgtlfat attctttgtg tttctgatca totoo t occc ottmcatn 
1681 gccggtatcc tgtcggttct TtgtgQoaaa occtgtaacc aaaaoctaat ggagaaontt 
1 74 1 Ctcaatgtgt ttqtgtggat tggctatata t g ttcaaaca tcaatcctct ootntanart 
1801 CtCtttaata aaatttaccg aaaoQctttc totaaatatt ta c gctgcga ttataaanna 
1861 gacaaaaagc Ctcctgttco acaoattn ct aooottocta ccactonttt otctonnann 
1921 gagctcaatg ttaacattta tcggcata cc aataaanotg taactaggaa aactaatoar 
1981 cctgaqcctg gcatagagat ocaootoo ag aacttaoaoc tgccaotcaa ccnctRtaa^ 
204 1 gtqqtcagcg agaggattag taototataa gcgaagagca gcgcagactt cctacaggaa 
2101 agttcctgta ggaaagtcct ccccaccccc cgtgattttc ctgtgaatca taactaatgt 
2161 aaatattgct gtgtgacaag acagtgtttt tataaatagc tttgcaaccc tgtactttac 
2221 atcatgcgtt aatagtgaga ttcggg 



FIGURE 32 - CONTINUED 



WO 98/38217 £ W PCT/US98/03991 r 

Rat 5HT 2C Serine -* Lysine Mutant with Restriction Site 
ORIGIN 23 bp upstream of Hindlll site. 

1 ggcgctctgg tgctcactga ggaagcttcc ttaggtgtac cgatcttaat gattgagccc 
61 ttggagcagc aagattgtta atcttggttg ctcctttggc ctgtctatcc cttaccttcc 
121 tattacatat gaacttttct tcgttctgca catcgattgt cgtcggcgtc gtggagatcg 
181 tcgtggtgct ccggtggtgg tcttcgtccg cttagaatag tgtagttagt taggggcctt 
241 caaagaagaa agaagaagcg attggcgcgg agagatgctg gaggtgtcag tttctatgct 
301 agagtagggt agtgaaacaa tccccagcca aacctttccg gggggcgcag gttgcccaca 
361 ggaggtcgac ttgccggcgc tgtccttcgc gccgagctcc ctccatcctt ctttccgtct 
421 gctgagacgc aaggttgcgg cgcgcacgct gagcagcgca ctgactgccg cgggctccgc 
481 tgggcgattg cagccgagtc cgtttctcgt ctagctgccg ccgcggcgac ctgcctggtc 
541 ttcctcccgg acgctagcgg gttgtcaact attacctgca agcataggcc aacgaacacc 
601 ttctttccaa attaattgga atgaaacaat tctgttaact tcctaattct cagtttgaaa 
661 ctctggttgc ttaagcctga agraatftatg gtaaacctto Qcaacacaat acactcqctc 
721 ctoatacacc taatcaocct attootttao naattcoata tttccataaa tccaqtaqca 
781 octataataa ctaacacttt taattcctcc o ataqtqqac octtatttca attcccqqac 
841 aaaotacaaa actaoccaan actttca atn atcataatta taatcatoac aataqqqqqc 
901 aacattcttq ttatcatoqc aotaaocato oaaaaoaaac tqcacaatoc aaccaattac 
961 ttcttaatot orntaoccat toctqatato ntqotaqoac tacttqtcat qcccctqtCC 
1021 ctocttocta ttctttatqa tta tatctqq cctttaccta oatatttqto ccccqtctqq 
1081 atttcactaq atotqctatt ttcaactqcq tccatcatq c acctctqcqc catatcoctq 
1141 qaccootato taqcaatacq taatcctatt qaqcataqcc qqttcaattc qcqqactaaq 
1201 occatcatqa aoattqccat cotttqqoc a atatcaatao qaqtttcaat tCCtatCCCt 
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1261 fltqgttqqgc tgagggacga aaacaaantn ttn gtoaata ararcacoto notnr^aaf 
1321 flagCgCggCt tcgttctcat OQnatccttn ntng r attct tnatr.nr.ntt oaooattatn 
1381 qtqgtCgCCt fCUCttaac gatctacgtc otnrno o otc aaartntngt Qttacttng a 
1441 gqtcacagcq aqqaggaact ggctaatato an c ctaaact ttrtoaacto ctortnpaag 

1501 gggaatqqtq qtqaggaaga naacontnnn ^ cctaatc nanatcaoaa acracntr^ 

_ _ Start S312K primer 

1561 aaqggqaaan aaaaqcgTOO canaoocanr atgr^pcta tnaan^ n a aaaaaaag r t 



r— End S312K primer 

1621 Mgagqty ttqgcatfct attCtttoto tttrtnatr g totootonrn ntttttr^ 



t— Mutation to create Seal site 
1681 9CC99tatCC Tqtcggttct ttgtnngaao orntnta g ee aaaanctaat ooaoaanntt 

1741 Stcaatqtqt ttqtgtggat tggctatQto tnttra g gca tcaatrntct oototanant 
1801 PtPtttaata aaatttaccg aaoOQCtttc tfttaaa t att tocortq r ^a ttataannna 
1861 gggggggggo CtCCtgttcg acaoattcnt ag g g t tocta crartnettt otntnng agg 
1921 ggqCtCgatq ttaacattTa Tcgocatann aa t aaacaTn tnnctaaoaa ag rtaatga^ 
1981 CCtgagpQTg qcatagagat gcaggtaoan aar t taoaac tonragtcaa r.r.r.r.tnta^ 
2041 gTggtPggcg agaggaftag TaqTqTQ taa gegaagagea gegcagaett cctacaggaa 
2101 agttcctgta ggaaagtcct ccccaccccc cgtgattttc ctgtgaatca taactaatgt 
2161 aaatattget gtgtgacaag acagtgtttt tataaatagc tttgcaaccc tgtactttac 
2221 ateatgegtt aatagtgaga ttcggg 
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Rat 5-HT 2C Serine - Phenylalanine Mutant 
MVNLGNAVRSLLMHLIGLLVWQFDISISPVAAIVTDTFNSSDGG 
RLFQFPOGVQNWPALSIVVIIIMTIGGNILVIMAVSMEKKLHNATNYFLMSLAIADML 

VGLLVMPLSLLAILYDYVWPLPRYLCPVWISLDVLFSTASIMHLCAISLDRYVAIRNP 

IEHSRFNSRTKAIMKIAIVWAISIGVSVPIPVIGLRDESKVFVNNTTCVLNDPNFVLI 

GSFVAFFIPLTIMVITYFLTIYVLRRQTLMLLRGHTEEELANMSLNFLNCCCKKNGGE 

EENAPNPNPDQKPRRKKKEKRPRGTMQAINNEKKAjgKVLGIVFFVFLIMWCPFFITNl 

LSVLCGKACNQKLMEKLLNVFVWIGYVCSGINPLVYTLFNKIYRRAFSKYLRCDYKPD 

KKPPVRQIPRVAATALSGRELNVNIYRHTNERVARKANDPEPGIEMQVENLELPVNPS 

NVVSERISSV 
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TITLE OF THE INVENTION 

MODIFIED G-PROTEIN COUPLED RECEPTORS 

CROSS RELATED TO OTHER APPLICATIONS 
5 This is a continuation-in-part of U.S. Serial Number 

08/267,987, filed June 29, 1994, now pending, and an continuation-in- 
part of U. S. Serial Number 08/267,987, filed June 29, 1994, now 
pending. 

10 BACKGROUND OF THE INVENTION 

G-protein coupled receptors are cell surface receptors that 
mediate the responses of the cell to a variety of environmental signals. 
Upon binding an agonist, the receptor interacts with one or more 
specific G proteins, which then regulate the activities of specific effector 

15 proteins. By this means, activation of G-protein coupled receptors 
amplifies the effects of the environmental signal and initiates a cascade 
of intracellular events that ultimately leads to a defined cellular 
response. The family of G-protein coupled receptors function as a 
complex information processing network within the plasma membrane 

20 of the cell, acting to coordinate a cell's response to multiple 
environmental signals. 

G-protein coupled receptors are characterized by the ability 
of agonists to promote the formation of a high affinity ternary complex 
between the agonist, the receptor and the G-protein (Figure 1). The cc- 

25 • subunit of the G protein contains a guanine nucleotide binding site 
which, in the high affinity ternary [G protein-receptor-agonist] 
complex, is occupied by GDP. In the presence of physiological 
concentrations of GTP, the GDP molecule in the guanine nucleotide 
binding site of the G protein is displaced by a GTP molecule. The 

30 binding of GTP dissociates the a subunit of the G protein from its Ify 
subunits and from the receptor, thereby activating the G-protein to 
stimulate downstream effectors (adenylyl cyclase in the case of the (3- 
adrenergic receptor (pAR)) and propagating the intracellular signal. 
Thus, the ternary complex is transient in the presence of physiological 
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GTP concentrations. Because the affinity of the agonist for the 
receptor-G protein complex is higher than its affinity for the 
uncomplexed receptor, one consequence of the destabilization of the 
ternary complex is a reduction in the affinity of the receptor for the 

5 agonist. Thus, the affinity of agonists for G-protein coupled receptors 
is a function of the efficiency with which the receptor is coupled to the 
G-protein. In contrast, antagonists bind with the same affinity to the 
receptor in the presence or absence of G-protein coupling. 

The observation that agonist affinity can be reduced by 

10 conditions under which a receptor is not optimally coupled to its G- 
protein has important implications for the identification of agonists of 
G-protein coupled receptors, particularly identification based on ligand 
binding. If the receptor is not optimally coupled to the G-protein under 
the conditions of binding assays, an agonist will bind to the receptor 

15 with relatively low affinity. Thus, a screen that relies on a binding 

assay based on displacement of a radiolabeled ligand, although attractive 
for its ease and the potential for high throughput, poses the risk that a 
promising partial agonist might be overlooked because the agonist 
would bind predominantly to the low affinity state of the receptor, and 

20 thus would have low affinity in the binding assay. Consequently, 

functional assays are frequently used to screen for agonists of G-protein 
coupled receptors. However, functional assays (ranging from ex vivo 
muscle contraction assays to determination of second messenger levels 
in cells expressing exogenous cloned G-protein coupled receptors) are 

25 .tedious and much more time-consuming than ligand binding assays, and 
hence are not readily adapted to high throughput screens. Because the 
modified receptors of the present invention bind agonists with high 
affinity in the presence or absence of the G-protein, they can be used in 
high throughput radioligand binding assays to screen for high affinity 

30 ligands, regardless of whether the ligands are agonists or antagonists. 

G-protein coupled receptors consist of seven hydrophobic 
domains connecting eight hydrophilic domains. The hydrophobicity or 
hydrophilicity of the domains may be determined by standard 
hydropathy profiles, such as Kyte-Doolittle analysis (Kyte, J. and 
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Doolittle, RJ.F. J. MoL Biol 157: 105 (1982)). The receptors are 
thought to be oriented in the plasma membrane of the cell in such a way 
that the N-terminus of the receptor faces the extracellular space and the 
C-terminus of the receptor faces the cytoplasm, such that each of the 
5 hydrophobic domains crosses the plasma membrane. The receptors 
have been modeled and the putative boundaries of the extracellular, 
transmembrane and intracellular domains are generally agreed upon 
based on these models (for a review, see Baldwin, EMBO J. 12:1693, 
1993). In general, the transmembrane domains are comprised of 

10 stretches of 20-25 amino acids in which most of the amino acid residues 
have hydrophobic side chains (including cysteine, methionine, 
phenylalanine, tyrosine, tryptophan, proline, glycine, alanine, valine, 
leucine, isoleucine), whereas the intracellular and extracellular loops are 
defined by contiguous stretches of several amino acids that have 

15 hydrophilic or polar side chains (including aspartate, glutamate, 

asparagine, glutamine, serine, threonine, histidine, lysine, and arginine). 
Polar amino acids, especially uncharged ones (such as serine, threonine, 
asparagine, and glutamine) are found in both transmembrane and 
extramembrane regions. 

20 The extramembrane regions are characterized by 

contiguous stretches of three or more hydrophilic residues. In contrast, 
hydrophilic residues are found only in groups of 1-2, surrounded by 
hydrophobic residues, in the transmembrane domain. Thus, the 
transmembrane and extramembrane regions can be identified by the 

25 number of contiguous hydrophilic or hydrophobic amino acids in the 
primary sequence of the receptor, in addition to the constraints on the 
length of the hydrophobic segments given above. The boundaries 
between the transmembrane and extramembrane regions are often 
defined by the presence of charged or polar residues at the beginning or 

30 end of a stretch of hydrophobic amino acids. The locations of the 

mutations in the receptors of the present invention are described on the 
basis of these models and can be specifically defined by the specific 
amino acid numbers of the residues being mutated. 
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By these criteria, the third intracellular loop is defined as 
the hydrophilic loop connecting the hydrophobic, putative 
transmembrane domains V and VI. For example, in hamster p2 
adrenergic receptor, used to particularly exemplify the invention, the 

5 third intracellular loop would refer to amino acids 221 through 273 
(Figure 2). In accordance with the principles described above, the 
beginning of this loop is defined by the presence of Arg221 (a charged 
residue at the end of the hydrophobic stretch of residues 198-220) and 
Lys273 (a charged residue at the beginning of the hydrophobic stretch 

10 of residues 274-298). 

The present invention pertains to modified G-protein 
coupled receptors having deletions in the third intracellular domain. 
Methods of designing and making modified receptors are provided. 
The modified receptors are uncoupled from or are poorly coupled to 

15 their respective G-proteins. However, these modified receptors bind 
agonists with high affinity in the absence of G protein coupling. 
Because of their high intrinsic affinity for agonists, these modified 
receptors may be used in high throughput binding assays to identify 
compounds that bind to the receptor with high affinity, regardless of 

20 whether these compounds are agonists or antagonists. The invention 
includes the DNA encoding the modified receptors, the modified 
receptors, assays employing the modified receptors, cells expressing 
the modified receptors, and substances identified through the use of 
the modified receptors including specific modulators of the modified 

25 receptors. Modulators identified in this process are useful as 

therapeutic agents. Modulators, as described herein, include but are 
not limited to agonists, antagonists, suppressors and inducers. 

SUMMARY OF THF. INVENTION 
30 Modified G-protein coupled receptors having deletions 

in the third intracellular domain are identified and methods of 
making the modified receptors are provided. The invention includes 
the modified receptors, assays employing the modified receptors, 
cells expressing the modified receptors, and compounds identified 
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through the use of the modified receptors, including modulators of 
the receptors. Modulators identified in this process are useful as 
therapeutic agents. 

5 BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 . Schematic diagram of G-protein signal transduction system. 
The receptor is shown as a seven-helical bundle, a, 13, and y indicate the 
three subunits of the G protein. E indicates an effector enzyme, such as 
adenylyl cyclase. The agonist (A) binding with high affinity to the 
10 receptor-G protein complex and with low affinity to the receptor alone 
is shown. 

Figure 2. Schematic diagram of the hamster p2 adrenergic receptor. 
The third intracellular loop comprises residues 221-273. The proximal 
15 and distal segments of this loop are drawn in cylinders. 

Figure 3. Stimulation of cAMP production as a function of 
isoproterenol by the wild type p3AR (closed circles) but not the 
modified D(227-234) (triangles) or D(277-289)03AR (squares). 

20 

Figure 4: Binding of an agonist and an antagonist to the wild type (open 
circles) and D(277-289) p3AR (closed circles). Binding of the agonist 
isoproterenol (top panel) or the antagonist propranolol (bottom panel) 
was measured in competition with the radioligand ^i-cyanopjndoioi 

25 

Figure 5. Inhibition of adenylyl cyclase activity. A concentration 
dependent response curve of the ability of 5-HT to inhibit adenylate 
cyclase activity mediated by the wild type 5-HTlDp receptor is shown. 
However, in the histogram on the right of the figure, the inability of 
30 1 00 mM 5-HT activating at the mutant receptor, D(23 1 -239)5-HTl Dp 
to produce an inhibition of adenylate cyclase activity is demonstrated. 
The results shown are from a typical experiment and were repeated 
three times and are representative of three independent mutant receptor 
cell lines [D(231-239)5-HTlDf3 clones 1, 21 and 65]. Formation of 
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32p_ c AMP from 32p_ATP was measured in crude membrane 
preparations prepared from CHO cells stably expressing the appropriate 
receptors. 

5 Figure 6. Table 1 : Binding and functional parameters of the wild type 
and modified p2AR. 

Figure 7. Table 2: Binding parameters of the wild type and modified 
P3AR. 

10 

Figure 8. Table 3: Radioligand binding properties of modified 5HT- 
1 DP receptors. Presented in the table are the specific binding values 
(dpm) of 2 nm [3H]5-HT observed in the presence and absence of the 
guanine nucleotide analog, GppNHp (100 mM). Also shown is the 
15 percentage inhibition of adenylate cyclase activity (%AC inhibition) for 
the respective cell lines. Results shown are from a typical experiment 
and were repeated three times. 

DETAILED DESCRIPTION OF THE INVENTION 
20 Modified G-protein coupled receptors having deletions 

in the third intracellular domain are identified and methods of 
making the modified receptors are provided. The modified 
receptors are uncoupled from or are poorly coupled to their 
respective G-proteins and may be used in assays to identify 
25 . substances that bind to the receptor regardless of whether these 
substances are agonists or antagonists. The invention includes the 
modified receptors, assays employing the modified receptors, cells 
expressing the modified receptors, and compounds identified through 
the use of the modified receptors, including modulators of the 
30 receptors. Modulators identified in this process are useful as 

therapeutic agents. Modulators, as described herein, include but are 
not limited to agonists, antagonists, suppressors and inducers. 

The term "G-protein coupled receptor" refers to any 
receptor protein that mediates its endogenous signal transduction 



WO 96/00739 




PCT/US95/06900 



through activation of one or more guanine nucleotide binding 
regulatory proteins (G-proteins). These receptors share common 
structural features, including seven hydrophobic transmembrane 
domains. G-protein coupled receptors include receptors that bind to 
5 small biogenic amines, including but not limited to beta-adrenergic 
receptors (pAR), alpha-adrenergic receptors (ccAR) and muscarinic 
receptors, as well as receptors whose endogenous ligands are peptides, 
such as neurokinin and glucagon receptors. Examples of pAR include 
beta-1, beta-2, and beta-3 adrenergic receptors. Examples of ocAR 

1 0 include alpha- 1 a, alpha- 1 b, alpha- 1 c, alpha-2a, alpha-2b, and alpha-2c. 
Examples of muscarinic receptors include Ml, M2, M3, M4 and M5. 
Examples of neurokinin receptors include NK1, NK2 and NK3. Other 
examples of G-protein coupled receptors include but are not limited to 
adenosine 2 receptor, alpha-2 adrenergic receptors, type-1 angiotensin 

15 II receptor, cholecytokinin B receptor, gastrin receptor, somatostatin 
receptor, 5-hydroxytryptamine 1 beta receptor, A2 adenosine receptor, 
Burkitt's lymphoma receptor, neuropeptide Y receptor, tachykinin 
receptor, serotonin receptor, formyl peptide receptor like- 1 , tyramine 
receptor, muscarinic acetylcholine receptor, certain endothelin 

20 receptors, complement protein 5a receptor, choriogonadotropic 
hormone receptor, high affinity interleukin 8 receptor, follicle 
stimulating hormone receptor, dopamine Dl receptor, C5a 
anaphylotoxin receptor, histamine H2 receptor, substance P receptor, 
thyrotropin receptor and, luteininzing hormone receptor. G-protein 

25 coupled receptors have been isolated from a variety of animals, 

including but not limited to humans, cows, goats, mice, pigs and rats. 

Modified eceptors may include genetic variants, both 
natural and induced. Induced modified receptors may be derived by a 
variety of methods, including but not limited to, site-directed 

30 mutagenesis. Techniques for nucleic acid and protein manipulation are 
well-known in the art and are described generally in Methods in 
Enzymology and in Sambrook et al., Molecular Cloning: A Laboratory 
Manual, Cold Spring Harbor Laboratory (1989). 
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It is known that there is a substantial amount of 
redundancy in the various codons which code for specific amino 
acids. Therefore, this invention is also directed to those DNA 
sequences which contain alternative codons which code for the 

5 eventual translation of the identical amino acid. For purposes of this 
specification, a sequence bearing one or more replaced codons will 
be defined as a degenerate variation. Also included within the scope 
of this invention are mutations either in the DNA sequence or the 
translated protein which do not substantially alter the ultimate 

10 physical properties of the expressed protein. For example, 

substitution of valine for leucine, arginine for lysine, or asparagine 
for glutamine may not cause a change in functionality of the 
polypeptide. 

It is known that DNA sequences coding for a peptide 

15 may be altered so as to code for a peptide having properties that are 
different than those of the naturally-occurring peptide. Methods of 
altering the DNA sequences include, but are not limited to site 
directed mutagenesis. Examples of altered properties include but are 
not limited to changes in the affinity of an enzyme for a substrate or 

20 a receptor for a ligand. 

As used herein, a "functional derivative" of a modified 
receptor is a compound that possesses a biological activity (either 
functional or structural) that is substantially similar to the biological 
activity of the modified receptor. The term "functional derivative" 

25 is intended to include the "fragments," "variants," "degenerate 

variants," "analogs" and "homologues" or to "chemical derivatives" 
of modified receptors. The term "fragment" is meant to refer to any 
polypeptide subset of modified receptors. The term "variant" is 
meant to refer to a molecule substantially similar in structure and 

30 function to either the entire modified receptor molecule or to a 
fragment thereof. A molecule is "substantially similar" to a 
modified receptor if both molecules have substantially similar 
structures or if both molecules possess similar biological activity. 
Therefore, if the two molecules possess substantially similar activity, 
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they are considered to be variants even if the structure of one of the 
molecules is not found in the other or even if the two amino acid 
sequences are not identical* 

The term "analog" refers to a molecule substantially 
5 similar in function to either the entire modified receptor molecule or 
to a fragment thereof. 

"Substantial homology" or "substantial similarity", when 
referring to nucleic acids means that the segments or their 
complementary strands, when optimally aligned and compared, are 

10 identical with appropriate nucleotide insertions or deletions, in at least 
75% of the nucleotides. Alternatively, substantial homology exists when 
the segments will hybridize to a strand or its complement. 

The nucleic acids claimed herein may be present in whole 
cells or in cell lysates or in a partially purified or substantially purified 

15 form. A nucleic acid is considered substantially purified when it is 
purified away from environmental contaminants. Thus, a nucleic acid 
sequence isolated from cells is considered to be substantially purified 
when purified from cellular components by standard methods while a 
chemically synthesized nucleic acid sequence is considered to be 

20 substantially purified when purified from its chemical precursors. 

Nucleic acid compositions of this invention may be derived 
from genomic DNA or cDNA, prepared by synthesis or by a 
combination of techniques. 

The natural or synthetic nucleic acids encoding the 

25 modified G-coupled protein receptors of the present invention may be 
incorporated into expression vectors. Usually the expression vectors 
incorporating the modified receptors will be suitable for replication in a 
host. Examples of acceptable hosts include, but are not limited to, 
prokaryotic and eukaryotic cells. 

30 The phrase "recombinant expression system" as used 

herein means a substantially homogenous culture of suitable host 
organisms that stably carry a recombinant expression vector. Examples 
of suitable hosts include, but are not limited to, bacteria, yeast, fungi, 
insect cells, plant cells and mammalian cells. Generally, cells of the 
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expression system are the progeny of a single ancestral transformed 
cell. 

The cloned modified receptor DNA obtained through 
the methods described herein may be recombinantly expressed by 

5 molecular cloning into an expression vector containing a suitable 
promoter and other appropriate transcription regulatory elements, 
and transferred into prokaryotic or eukaryotic host cells to produce 
recombinant modified receptor. Techniques for such manipulations 
are fully described in Sambrook, J., et ah. supra , and are well known 

10 in the art. 

Expression vectors are defined herein as DNA sequences 
that are required for the transcription of cloned copies of genes and 
the translation of their mRNAs in an appropriate host. Such vectors 
can be used to express eukaryotic genes in a variety of hosts such as 
15 bacteria, bluegreen algae, plant cells, insect cells, fungal cells and 
animal cells. 

Specifically designed vectors allow the shuttling of DNA 
between hosts such as bacteria-yeast or bacteria-animal cells or 
bacteria-fungal cells or bacteria-invertebrate cells. An appropriately 

20 constructed expression vector should contain: an origin of replication 
for autonomous replication in host cells, selectable markers, a 
limited number of useful restriction enzyme sites, a potential for 
high copy number, and active promoters. A promoter is defined as a 
DNA sequence that directs RNA polymerase to bind to DNA and 

25 initiate RNA synthesis. A strong promoter is one which causes 
mRNAs to be initiated at high frequency. Expression vectors may 
include, but are not limited to, cloning vectors, modified cloning 
vectors, specifically designed plasmids or viruses. 

A variety of mammalian expression vectors may be used 

30 to express recombinant modified receptor in mammalian cells. 

Commercially available mammalian expression vectors which may 
be suitable for recombinant modified receptor expression, include 
but are not limited to, pcDNA3 (Invitrogen), pMClneo (Stratagene), 
pXTl (Stratagene), pSG5 (Stratagene), EBO-pSV2-neo (ATCC 
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37593) pBPV- 1(8-2) (ATCC 371 10), pdBPV-MMTneo(342-12) 
(ATCC 37224), pRSVgpt (ATCC 37199), pRSVneo (ATCC 37198), 
pSV2-dhfr (ATCC 37146), pUCTag (ATCC 37460), and AZD35 
(ATCC 37565). 

5 A variety of bacterial expression vectors may be used to 

express recombinant modified receptor in bacterial cells. 
Commercially available bacterial expression vectors which may be 
suitable for recombinant modified receptor expression include, but 
are not limited to pETl la (Novagen), lambda gtl 1 (Invitrogen), 

10 pcDNAII (Invitrogen), pKK223-3 (Pharmacia). 

A variety of fungal cell expression vectors may be used 
to express recombinant modified receptor in fungal cells. 
Commercially available fungal cell expression vectors which may be 
suitable for recombinant modified receptor expression include but 

15 are not limited to pYES2 (Invitrogen), Pichia expression vector 
(Invitrogen). 

A variety of insect cell expression vectors may be used 
to express recombinant receptor in insect cells. Commercially 
available insect cell expression vectors which may be suitable for 

20 recombinant expression of modified receptor include but are not 
limited to pBlue Bac III (Invitrogen). 

An expression vector containing DNA encoding 
modified receptor may be used for expression of modified receptor 
in a recombinant host cell. Recombinant host cells may be 

25 prokaryotic or eukaryotic, including but not limited to bacteria such 
as R colL fungal cells such as yeast, mammalian cells including but 
not limited to cell lines of human, bovine, porcine, monkey and 
rodent origin, and insect cells including but not limited to Drosophila 
and silkworm derived cell lines. Cell lines derived from mammalian 

30 species which may be suitable and which are commercially available, 
include but are not limited to, L cells L-M(TK') (ATCC CCL 1.3), 
L cells L-M (ATCC CCL 1.2), 293 (ATCC CRL 1573), Raji (ATCC 
CCL 86), CV-1 (ATCC CCL 70), COS-1 (ATCC CRL 1650), COS-7 
(ATCC CRL 1651), CHO-K1 (ATCC CCL 61), 3T3 (ATCC CCL 
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92), NIH/3T3 (ATCC CRL 1658), HeLa (ATCC CCL 2), C127I 
(ATCC CRL 1616), BS-C-1 (ATCC CCL 26) and MRC-5 (ATCC 
CCL 171). 

The expression vector may be introduced into host cells 
5 via any one of a number of techniques including but not limited to 
transformation, transfection, lipofection, protoplast fusion, and 
electroporation. The expression vector-containing cells are clonally 
propagated and individually analyzed to determine whether they 
produce modified receptor protein. Identification of modified 

10 receptor expressing host cell clones may be done by several means, 
including but not limited to immunological reactivity with anti- 
modified receptor antibodies. 

Expression of modified receptor DNA may also be 
performed using in vitro produced synthetic mRNA or native 

15 mRNA. Synthetic mRNA or mRNA isolated from modified receptor 
producing cells can be efficiently translated in various cell-free 
systems, including but not limited to wheat germ extracts and 
reticulocyte extracts, as well as efficiently translated in cell based 
systems, including but not limited to microinjection into frog 

20 oocytes, with microinjection into frog oocytes being preferred. 

The term "substantial homology", when referring to 
polypeptides, indicates that the polypeptide or protein in question 
exhibits at least about 30% homology with the naturally occurring 
protein in question, usually at least about 65% homology. 

25 The modified receptors may be expressed in an 

appropriate host cell and used to discover compounds that affect the 
modified receptor. Preferably, the modified receptors are expressed in 
a mammalian cell line, including but not limited to, COS-7, CHO or L 
cells, or an insect cell line, including but not limited to Sf9 and Sf21, 

30 and may be used to discover ligands that bind to the receptor and alter 
or stimulate its function. The modified receptors may also be produced 
in bacterial, fungal or yeast expression systems. 

The expression of the modified receptor may be detected 
by use of a radiolabeled ligand specific for the receptor. For the p2 
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adrenergic receptor used herein to exemplify the invention, such a 
ligand maybe 1 25 I-iodocyanopindolol (125i_CYP). 

The specificity of binding of compounds showing affinity 
for the modified receptors is shown by measuring the affinity of the 
5 compounds for cells transfected with the cloned modified receptor or 
for membranes from these cells. Expression of the cloned modified 
receptor and screening for compounds that inhibit the binding of 
radiolabeled ligand to these cells provides a rational way for selection of 
compounds with high affinity for the receptor. These compounds may 
10 be agonists or antagonists of the receptor. Because the modified 

receptor does not couple well to G proteins, the agonist activity of these 
compounds is best assessed by using the wild-type receptor, either 
natively expressed in tissues or cloned and exogenously expressed. 

Once the modified receptor is cloned and expressed in a 
15 mammalian cell line, such as COS-7 cells or CHO cells, the recombinant 
modified receptor is in a well-characterized environment. The 
membranes from the recombinant cells expressing the modified 
receptor are then isolated according to methods known in the art. The 
isolated membranes may be used in a variety of membrane-based 
20 receptor binding assays. Because the modified receptor has a high 
affinity for agonists, ligands (either agonists or antagonists) may be 
identified by standard radioligand binding assays. These assays will 
measure the intrinsic affinity of the ligand for the receptor. 

The present invention provides methods of generating 
25 .modified G-protein coupled receptors. Such methods generally 
comprise the deletion of at least one nucleotide from the third 
intracellular domain of the receptor. Additional methods include, but 
are not limited to, enzymatic or chemical removal of amino acids from 
the third intracellular domain of the receptor. One method of 
30 generating modified G-protein receptors comprises: 

(a) isolating DNA encoding a G-protein coupled receptor; 

(b) altering the DNA of step (a) by deleting at least one 
nucleotide from DNA encoding the third intracellular domain of the G- 
protein coupled receptor; 
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(c) isolating the altered DNA; 

(d) expressing the altered DNA; and 

(e) recovering the modified G-protein coupled receptor. 
The third intracellular domain of a G-protein coupled receptor is 

5 located between the fifth and sixth hydrophobic transmembrane domains 
of the receptor (Figure 2). 

The present invention provides methods of identifying 
compounds that bind to modified G-protein coupled receptors. Methods 
of identifying compounds are exemplified by an assay, comprising: 

10 a) cloning the G-protein coupled receptor; 

b) altering the DNA sequence encoding the third 
intracellular domain of the cloned G-protein coupled receptor; 

c) splicing the altered receptor into an expression vector to 
produce a construct such that the altered receptor is operably linked to 

15 transcription and translation signals sufficient to induce expression of 
the receptor upon introduction of the construct into a prokaryotic or 

eukaryotic cell; 

d) introducing the construct into a prokaryotic or 
eukaryotic cell which does not express the altered receptor in the 

20 absence of the introduced construct; and 

e) incubating cells or membranes isolated from cells 
produced in step c with a quantifiable compound known to bind to the 
receptors, and subsequently adding test compounds at a range of 
concentrations so as to compete the quantifiable compound from the 

25 receptor, such that an IC50 for the test compound is obtained as the 
concentration of test compound at which 50% of the quantifiable 
compound becomes displaced from the receptor. 

The present invention is also directed to methods for 
screening for compounds which modulate the expression of DNA or 

30 RNA encoding modified receptors or which modulate the function of 
modified receptor protein. Compounds which modulate these 
activities may be DNA, RNA, peptides, proteins, or non- 
proteinaceous organic molecules. Compounds may modulate by 
increasing or attenuating the expression of DNA or RNA encoding 
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modified receptor, or the function of modified receptor protein. 
Compounds that modulate the expression of DNA or RNA encoding 
modified receptor or the function of modified receptor protein may 
be detected by a variety of assays. The assay may be a simple 
5 "yes/no" assay to determine whether there is a change in expression 
or function. The assay may be made quantitative by comparing the 
expression or function of a test sample with the levels of expression 
or function in a standard sample. 

Kits containing modified receptor DNA, antibodies to 
10 modified receptor, or modified receptor protein may be prepared. 
Such kits are used to detect DNA which hybridizes to modified 
receptor DNA or to detect the presence of modified receptor protein 
or peptide fragments in a sample. Such characterization is useful for 
a variety of purposes including but not limited to forensic, 
1 5 taxonomic or epidemiological studies. 

The DNA molecules, RNA molecules, recombinant 
protein and antibodies of the present invention may be used to screen 
and measure levels of modified receptor DNA, modified receptor 
RNA or modified receptor protein. The recombinant proteins, DNA 
20 molecules, RNA molecules and antibodies lend themselves to the 
formulation of kits suitable for the detection and typing of modified 
receptor. Such a kit would comprise a compartmentalized carrier 
suitable to hold in close confinement at least one container. The 
carrier would further comprise reagents such as recombinant 
25 modified receptor protein or anti-modified receptor antibodies 
suitable for detecting modified receptor. The carrier may also 
contain a means for detection such as labeled antigen or enzyme 
substrates or the like. 

Pharmaceutical ly useful compositions comprising 
30 modulators of modified receptor activity, may be formulated 
according to known methods such as by the admixture of a 
pharmaceutically acceptable carrier. Examples of such carriers and 
methods of formulation may be found in Remington's 
Pharmaceutical Sciences. To form a pharmaceutically acceptable 
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composition suitable for effective administration, such compositions 
will contain an effective amount of the protein, DNA, RNA, or 
modulator. 

Therapeutic or diagnostic compositions of the invention 

5 are administered to an individual in amounts sufficient to treat or 
diagnose disorders. The effective amount may vary according to a 
variety of factors such as the individual's condition, weight, sex and 
age. Other factors include the mode of administration. 

The pharmaceutical compositions may be provided to 

10 the individual by a variety of routes such as subcutaneous, topical, 
oral and intramuscular. 

The term "chemical derivative" describes a molecule 
that contains additional chemical moieties which are not normally a 
part of the base molecule. Such moieties may improve the solubility, 

15 half-life, absorption, etc. of the base molecule. Alternatively the 
moieties may attenuate undesirable side effects of the base molecule 
or decrease the toxicity of the base molecule. Examples of such 
moieties are described in a variety of texts, such as Remington's 
Pharmaceutical Sciences. 

20 Compounds identified according to the methods disclosed 

herein may be used alone at appropriate dosages. Alternatively, co- 
administration or sequential administration of other agents may be 
desirable. 

The present invention also has the objective of providing 
25 suitable topical, oral, systemic and parenteral pharmaceutical 

formulations for use in the novel methods of treatment of the present 
invention. The compositions containing compounds identified 
according to this invention as the active ingredient can be 
administered in a wide variety of therapeutic dosage forms in 
30 conventional vehicles for administration. For example, the 

compounds can be administered in such oral dosage forms as tablets, 
capsules (each including timed release and sustained release 
formulations), pills, powders, granules, elixirs, tinctures, solutions, 
suspensions, syrups and emulsions, or by injection. Likewise, they 
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may also be administered in intravenous (both bolus and infusion), 
intraperitoneal, subcutaneous, topical with or without occlusion, or 
intramuscular form, all using forms well known to those of ordinary 
skill in the pharmaceutical arts. 
5 Advantageously, compounds of the present invention 

may be administered in a single daily dose, or the total daily dosage 
may be administered in divided doses of two, three or four times 
daily. Furthermore, compounds for the present invention can be 
administered in intranasal form via topical use of suitable intranasal 

10 vehicles, or via transdermal routes, using those forms of transdermal 
skin patches well known to those of ordinary skill in that art. To be 
administered in the form of a transdermal delivery system, the 
dosage administration will, of course, be continuous rather than 
intermittent throughout the dosage regimen. 

15 For combination treatment with more than one active 

agent, where the active agents are in separate dosage formulations, 
the active agents can be administered concurrently, or they each can 
be administered at separately staggered times. 

The dosage regimen utilizing the compounds of the 

20 present invention is selected in accordance with a variety of factors 
including type, species, age, weight, sex and medical condition of the 
patient; the severity of the condition to be treated; the route of 
administration; the renal and hepatic function of the patient; and the 
particular compound thereof employed. A physician or veterinarian 

25 of ordinary skill can readily determine and prescribe the effective 
amount of the drug required to prevent, counter or arrest the 
progress of the condition. Optimal precision in achieving 
concentrations of drug within the range that yields efficacy without 
toxicity requires a regimen based on the kinetics of the drug's 

30 availability to target sites. This involves a consideration of the 
distribution, equilibrium, and elimination of a drug. 

The modified G-protein coupled receptors of the present 
invention are exemplified herein by the hamster beta-2 (P2) adrenergic 
receptor, the human (33 receptor and the human 5HT-1D(3 receptor. 
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Deletion mutagenesis of the p2-adrenergic receptor has 
shown that none of the hydrophobic clusters of amino acids (the putative 
transmembrane helices) could be deleted without substantial loss of 
binding. In contrast, most of the connecting loops could be deleted 

5 without affecting the ligand binding properties of the receptor. This 
indicates that these hydrophilic loops are not required for ligand 
binding to the receptor, suggesting that the ligand binding pocket is 
located predominantly within the transmembrane domain of the protein 
(Strader, et al FASEB J .3: 182-183 (1989)). Deletions in the 

10 connecting loops that were large enough to encompass the entire loop 
led to steric problems, resulting in incorrect processing of the protein 
(Dixon, et al. EMBO J. 6: 3269-3275 (1987)). Certain connecting loop 
deletion mutations, however, led to loss of functional activation of 
adenylyl cyclase by the receptor. For example, deletion of the carboxy 

15 terminal region of the third intracellular loop attenuated the ability of 
the receptor to activate adenylyl cyclase, and deletion of the amino 
terminal portion of this loop abolished adenylyl cyclase activation 
(Strader, et al J. Biol. Chem. 262: 16439-16443 (1987)). Moreover, the 
agonist binding isotherms for these modified receptors displayed a 

20 single affinity site, suggesting altered G protein interactions. Since 

these modified receptors also retain their functional activation of Na+- 
H+ exchange, which is mediated through a different G protein (Barber, 
et al. Mol. Pharm. 41_: 1056-1060 (1992)), the deletions appear not to 
result in gross structural perturbations of the receptor, suggesting that 

25 .the changes seen in adenylyl cyclase activation are due to alteration of a 
specific G protein interaction. Subsequent amino acid replacements in 
the third intracellular loop confirmed the role of this region in G 
protein interaction (Cheung, et al. Mol. Pharm. 41.: 1061-1065 (1992)). 

The following examples are provided to further define the 

30 invention without, however, limiting the invention to the particulars of 
the examples. 
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EXAMPLE 1 

Deletion of 6-12 amino acids at the N-terminal portion of the third 
intracellular loop of the hamster ft? adrenergic receptor 

Modified receptor D(222-229)ft2AR was described in 
5 Strader et al. (J. Biol. Chem. 262: 16349, 1987). A modified cDNA 
encoding the hamster ft2AR in which residues 222-229 (Val-Phe-Gln- 
Val-Ala-Lys-Arg-Gln) are deleted was constructed by standard 
oligonucleotide-directed mutagenesis procedures. 

The modified receptor is designed so as to disrupt the 

10 proximal portion of the third intracellular loop, without affecting the 
adjacent fifth transmembrane helix. Thus, the charged amino acid 
(Arg22l) that delineates the bottom of helix 5 is left intact in the D(222- 
229) modified receptor, while the following eight amino acids are 
deleted. The size of the deletion in the present invention may vary from 

15 six to 13 amino acids in these regions, beginning immediately after the 
charged residue at the end of transmembrane helix 5. 

EXAMPLE 2 

Deletion of amino acids at the C-terminal portion of the third 
20 intracellular loop of the hamster ft? adrenergic receptor 

Modified receptor D(258-270)p2AR was described in 
Strader et al. (/. Biol. Chem. 262:16349, 1987). A modified cDNA 
encoding the hamster p2AR in which residues 258-270 (Leu-Arg-Arg- 
Ser-Ser-Lys-Phe-Cys-Leu-Lys-Glu-His-Lys) were deleted was 
25 constructed by standard oligonucleotide-directed mutagenesis 
procedures. 

The modified receptor is designed so as to disrupt the distal 
portion of the third intracellular loop, without affecting the adjacent 
sixth transmembrane helix. Thus, the charged amino acid (Lys273) that 
30 delineates the bottom of helix 6 is left intact in the D(25 8-270) modified 
receptor, while the nearby proximal residues 258-270 are deleted. The 
size of the deletion in the present invention may vary from six to 13 
amino acids in these regions, ending 1-3 residues before the charged 
residue at the beginning of helix 6. 
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EXAMPLE 3 

Expression and characterization of the altered ft2 a drenergic receptor. 

COS -7 cells are transfected with the modified receptor 

5 cDNA subcloned into a eukaryotic expression vector such as the 
eukaryotic expression vector pcDNA I/neo (Invitrogen). Cells are 
harvested after incubation for about 60-72 h. Membranes containing 
the expressed receptor protein are prepared as described (C. D. Strader 
et al., Proc. Natl. Acad. Sci. U.S.A. 84, 4384-4388 (1987). 

10 Binding reactions are performed in a final volume of 250 

|il of TME buffer (75 raM Tris; 12.5 mM MgCl2; 1.5 mM EDTA, pH 
7.5) as described (Strader, et al J. Biol. Chem. 262: 16439 (1987)). 
Adenylyl cyclase activity is measured as described (Strader, et al J. Biol. 
Chem. 262: 16439 (1987)), with cAMP determined by the method of 

15 Salomon {Anal. Biochem. 58: 541-548 (1974)). 

Membranes prepared from the COS-7 cells transfected with 
a vector containing either the wild type or the modified receptor cDNA 
specifically bind the p receptor antagonist 125i_CYP. However, the 
modified receptor is characterized by an absence of coupling to Gs, an 

20 inability to mediate the activation of adenylyl cyclase, and an increased 

affinity for agonists. 

As shown in Table 1, the modified D(222-229)p2AR, 
when expressed in L cells, does not stimulate adenylyl cyclase activation 
in response to the agonist isoproterenol. In contrast, when the wild type 

25 receptor is expressed in the same cell line, adenylyl cyclase activity is 
stimulated by 3.2 fold, with an EC50 of 15 nM. The modified receptor 
retains its ability to stimulate Na + -H + exchange, indicating that some 
level of coupling to a G-protein other than Gs is retained (Barber et al. 
Mol. Pharm. 41, 1056, 1992). Similarly, D(258-270)pAR shows 

30 impaired cAMP stimulation compared to the wild type receptor, with 
only a small (1.3 fold) stimulation over basal levels. 

These modified receptors have increased affinity for 
agonists when compared to the wild type receptor. This is shown in 
Table 1, where the modified D(222-229) receptor binds the agonist 
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isoproterenol with a single high affinity of 6 nM. The high affinity of 
the agonist for the modified receptor is not affected by agents that 
uncouple the receptor from the G protein; such agents include the 
nonhydrolyzable GTP analog GppNHp, sodium fluoride, and the 
5 detergent digitonin. In contrast, the wild type receptor binds 

isoproterenol with two affinity states: a high affinity state (Kd = 3 nM) 
indicative of binding to the receptor-G protein complex, and a low 
affinity state (Kd = 200 nM) reflecting binding to the uncoupled 
receptor alone (Table 1 ). In the presence of agents that interfere with 

10 G protein coupling (GppNHp is such an agent shown in Table 1), the 
agonist binds to the wild type receptor with a single low affinity state 
(Kd = 200 nM). 

The data in Table 1 demonstrate that when the receptor is 
not optimally coupled to the G protein, a binding assay using the 

15 modified receptor will detect agonists with more sensitivity than will the 
identical binding assay using the wild type receptor. Similarly, D(258- 
270)13AR binds to the agonist isoproterenol with a single high affinity of 
8 nM, which is not significantly affected by the addition of Gpp(NH)p. 

20 EXAMPLE 4 

Screening Assay using 0(222-229) pAR or D(258-27(ftpAR 

Transfected cells expressing recombinant modified receptor 
may be used to identify compounds that bind to the receptor with high 
affinity. This may be accomplished in a variety of ways, such as by 

25 .incubating the test compound in a final volume of 0.25 ml of TME 
buffer with membranes containing 5-7 pM of the modified P2AR and 
35 pM 125i_CYP for 1 hour at 25°. The reaction is stopped by 
filtration over GF/C glass fiber filters, washing with 3 x 5 ml of cold 
TME buffer, and counting the filters in a gamma counter to measure 

30 bound radioactivity. This assay will detect a compound that has a high 
intrinsic affinity for the receptor. Such compounds may be either 
agonists or antagonists. 
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EXAMPLE 5 

Construction of Modified 0(227-234^ Beta-3 Adrener gic Receptor 

Modified receptor D(227-234) fcAR was constructed by 
digesting the wild-type human p3 receptor cDNA (Granneman, et al. 
5 Mol. Pharm. 42: 964-970 (1992))) with AccI and Pvull, followed by 
re-ligation with a linker adaptor. The sequence of the linker adaptor is: 

5'CTACGCGCGG373 , TGCGCGCC5' (SEQ ID NO:l). 

10 The modified DNA sequence encodes a P3AR lacking 8 amino acid 
residues (VFVVATRQ) at the N-terminal portion of the third 
intracellular loop. The nucleotide sequence of the modified receptor 
was confirmed by DNA sequencing. As was the case for the modified 
p2 receptors, this modified p3 receptor is designed so as to disrupt the 

15 proximal portion of the third intracellular loop, without affecting the 
adjacent fifth transmembrane helix. Thus, the charged amino acid 
(Arg226) that delineates the bottom of helix 5 is left intact in the 
D(227-234) modified receptor, while the eight amino acids which 
follow it are deleted. The size of the deletion in the present invention 

20 may vary from six to 1 3 amino acids in this region, beginning 

immediately after the charged residue at the bottom of transmembrane 
helix 5. 

EXAMPLE 6 

25 Construction of Modified 0(277-289^ Beta-3 Ad renergic Receptor 

Modified D(277-289), lacking 13 residues at the C-terminal 
portion of the third intracellular loop, was prepared by standard PCR- 
based mutagenesis procedures. The nucleotide sequences of the 
modified receptors were confirmed by DNA sequencing. As was the 

30 case for the modified p2 receptors, this modified p3 receptor is 
designed so as to disrupt the distal portion of the third intracellular 
loop, without affecting the adjacent sixth transmembrane helix. Thus, 
the polar amino acids (C292,T293) that define the bottom of helix 6 are 
left intact, while the nearby proximal residues 277-289 are deleted. The 
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size of the deletion in the present invention may vary from six to 1 3 
amino acids in this region, ending immediately before the polar residues 
at the bottom of helix 6. 

5 EXAMPLE 7 

Expression and characterization of the modified (feAR 

The modified receptor was subcloned into the expression 
vector pRC/CMV (Invitrogen, San Diego, CA) and expressed in mouse 
L cells by DEAE-Dextran transfection. 72 hours after transfection, 
10 cells were harvested for radioligand binding or adenylyl cyclase assays. 

For binding assays, the membranes were prepared by 
harvesting the cells in ice-cold lysis buffer (5 mg Tris, pH 7.4; 2 mM 
EDTA), followed by 15 min centrifugation at 38,000 x g. The 
membrane pellet was then resuspended in TME buffer. Equilibrium 
15 binding to the wild type or modified p3AR was performed in a final 
volume of 0.25 ml containing membranes, 240 pM *25i_CYP, and 
serial dilution of the competing ligands. Binding reactions were 
incubated for 90 min at 23°C, and terminated by rapid filtration over 
GF/C filters pre-soaked in 0.1% polyethyeneamine. The radioactivity 
20 was quantified with a Packard gamma counter. 

For adenylyl cyclase activity, cells are harvested in PBS 
with 5 mM EDTA, pelleted and, then resuspended in ACC buffer (75 
mM Tris, pH 7.4; 250 mM sucrose; 12.5 mM MgCl2 ; 1.5 mM EDTA; 1 

|LiM ascorbic acid; 0.6 mM 3-isobutyl-l-l - methylxanthine). The cells 
25 are incubated with various concentrations of test compound (usually 
agonist compound) for 45 min at room temperature, and the reaction 
terminated by boiling for 3 min. The concentration of cAMP in the 
lysate was determined via protein kinase A (PKA) binding assay 
(Barton, A.C., Black, L.E., Sibley, D.R., MoL Pharmacy. 3^:650-658, 
30 1991) or an automated cAMP IRA assay (At Instruments, MD). For the 
PKA binding assay, the lysate was incubated with 3.6 nM ^H-cAMP 
and 5 |LLg of PKA in a final volume of 1 85 \i\ for 2 to 24 hours at 4° C, 
followed by rapid filtration over GF/C filters with cold washing buffer 
(20 mM potassium phosphate, pH 6.0). The radioactivity on the filter 
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was then quantified on a beta counter. The final concentration of cAMP 
was determined according to the standard curve of cAMP. The data for 
both binding and cyclase assays were analyzed by using graphed 
software (San Diego, CA). 
5 Figure 3 shows that, when stimulated with the beta agonist 

isoproterenol, there is a four-fold increase in the production of cAMP 
in L cells transfected with the wild type human p3AR, with a EC50 of 
2.7 ± 0.5 x 10-8 m ( n =4). By contrast, the p3AR-mediated production 
of cAMP is essentially abolished in cells transfected with modified 

10 receptor D(227-234)p3AR and strongly attenuated in cells expressing 
the D(277-289) modified receptor. 

Radioligand binding with 1 25 I-CYP indicates that the wild 
type P3AR displays two affinity sites for isoproterenol binding: a high 
affinity site (28%, 1C50=5 x 10" 8 M), and a low affinity site (72%, 

15 IC50=2.6 x 10-6 M). Deletion of residues 227-234 or residues 277-289 
from the 03 AR results in a single high affinity binding state (Table 2 
and Figure 4). No increase in binding affinity is observed for the PAR 
antagonist propranolol for either modified receptor (Figure 4). 

These modified p3 receptors can therefore be used in a 

20 screening assay to detect compounds that bind with high affinity to the 
P3 adrenergic receptor, regardless of whether these compounds are 
agonists or antagonists. 

EXAMPLE 8 

25 Construction of Modified D(231-238V5HT-lDp Receptor 

Modified receptor D(231-238)5HT-lDp receptor was 
constructed from the wild-type human 5HT-lDp receptor cDNA (Jin, et 
al J. Biol. Chem. 267: 5735 (1992)) by standard mutagenesis techniques. 
The modified 5HT-lDp receptor lacks 8 amino acid residues 

30 (IYVEARSR) at the N-terminal portion of the third intracellular loop. 
The nucleotide sequences of the modified receptors were confirmed by 
DNA sequencing. As was the case for the modified p2 and p3 
receptors, this modified 5HT-1DP receptor is designed so as to disrupt 
the proximal portion of the third intracellular loop without affecting the 
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adjacent fifth transmembrane helix. Thus, the charged amino acid 
(Arg230) that delineates the bottom of helix 5 is left intact in the 
modified receptor, while the following eight amino acids are deleted. 
The size of the deletion in the present invention may vary from six to 
5 13 amino acids in this region, beginning immediately after the charged 
residue at the end of transmembrane helix 5. 

EXAMPLE 9 

Expression and Characterization of Modified D(231-23815HT-lDp 
10 Receptor 

The modified receptor was subcloned into a mammalian 
expression vector and expressed in CHO cells using standard 
transfection methods. Stable cell lines were selected by G-418 
resistance and used for radioligand binding or adenylyl cyclase assays. 

15 For binding assays, the membranes were prepared by 

harvesting the cells in ice-cold lysis buffer (5 mg Tris, pH 7.4; 2 mM 
EDTA), followed by 15 min centrifugation at 38,000 x g. The 
membrane pellet was then resuspended in buffer A. Equilibrium 
binding to the wild type or modified 5HT-lDp was performed in a 

20 mixture containing membranes, 5 nM 5-hydroxytryptamine, and 
serial dilutions of the competing ligands. Binding reactions were 
incubated for x min at 23°C, and terminated by rapid filtration over 
GF/C filters. The bound radioactivity was quantified with a gamma 
counter. 

25 Adenylyl cyclase activity was measured essentially as 

described by McAllister et al. (McAllister, G., Charlesworth, A., 
Snodin, C., Beer, M. S., Noble, A. J., Middlemiss, D. N., Iversen, L. 
L., and Whiting, P., 1992, PNAS 89:5517-5521), with the addition of 
forskolin. Inhibition of the forskolin-stimulated response by receptor 

30 agonists, including 5-hydroxytryptamine (serotonin), was determined. 

Figure 5 shows that, when stimulated with the agonist 
serotonin, there is a 50% inhibition in the forskolin-stimulated 
production of cAMP in cells expressing with the wild type human 5HT- 
1DJ3 receptor, with a EC50 of 30 nM. By contrast, the agonist- 
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mediated inhibition of cAMP production is essentially abolished in cells 
transfected with modified receptor D(23 1 -239)5HT- 1 Dp\ 

Radioligand binding studies at the wild type 5-HTlDp 
receptor indicate that when the guanine nucleotide analogue, GppNHp 

5 (guanylylimidodiphosphate) is present (100 mM), agonist binding (2 nM 
3H-5-HT) is reduced by approximately 50-60% (Table 3). This is 
thought to be a result of the guanine nucleotide converting the receptor 
to the low affinity state. However, in three independent clones 
expressing the modified receptor, D(231-239)5-HTlDp (clones 1, 21 

10 and 65), no significant inhibition of agonist binding is observed, 

suggesting that the modified receptor is permanently in the high affinity 
state. 

This modified 5HT-1DJ3 receptor can therefore be used in a 
screening assay to detect compounds that bind with high affinity to the 
15 5HT-lDp receptor, regardless of whether these compounds are agonists 
or antagonists. 

EXAMPLE 10 

firming and Expression of Modified Receptor cDNA into Bacterial 

20 Expression Vectors 

Recombinant modified receptor is produced in a 
bacterial expression system such as R cpJL The modified receptor 
expression cassette is transferred into an JL coh expression vector; 
expression vectors include but are not limited to, the pET series 

25 . (Novagen). The pET vectors place modified receptor expression 
under control of the tightly regulated bacteriophage T7 promoter. 
Following transfer of this construct into an R coji host which 
contains a chromosomal copy of the T7 RNA polymerase gene 
driven by the inducible lac promoter, expression of modified 

30 receptor is induced by addition of an appropriate lac substrate 
(IPTG) is added to the culture. The levels of expressed modified 
receptor are determined by the assays described herein. 



WO 96/00739 




PCT/US95/06900 



-27 - 
EXAMPLE 1 1 

Cloning and Expression of Modified Receptor cDNA into a Vector 
for Expression in Insect Cells 

Baculovirus vectors derived from the genome of the 
5 AcNPV vims are designed to provide high level expression of cDNA 
in the Sf9 line of insect cells (ATCC CRL# 1711). Recombinant 
baculovirus expressing modified receptor cDNA is produced by the 
following standard methods (InVitrogen Maxbac Manual): the 
modified receptor cDNA constructs are ligated into the polyhedrin 

10 gene in a variety of baculovirus transfer vectors, including the 
pAC360 and the BlueBac vector (InVitrogen). Recombinant 
baculoviruses are generated by homologous recombination following 
co-transfection of the baculovirus transfer vector and linearized 
AcNPV genomic DNA [Kitts, P. A., Nuc. Acid. Res. 18, 5667 

15 (1990)] into Sf9 cells. Recombinant pAC360 viruses are identified 
by the absence of inclusion bodies in infected cells and recombinant 
pBlueBac viruses are identified on the basis of fi-galactosidase 
expression (Summers, M. D. and Smith, G. E., Texas Agriculture 
Exp. Station Bulletin No. 1555). Following plaque purification, 

20 modified receptor expression is measured. 

Authentic modified receptor is found in association with 
the infected cells. Active modified receptor is extracted from 
infected cells by hypotonic or detergent lysis. 

Alternatively, the modified receptor is expressed in the 

25 .Drosophila Schneider 2 cell line by cotransfection of the Schneider 2 
cells with a vector containing the modified receptor DNA 
downstream and under control of an inducible metallothionin 
promoter, and a vector encoding the G418 resistant neomycin gene. 
Following growth in the presence of G418, resistant cells are 

30 obtained and induced to express modified receptor by the addition of 
Q1SO4. Identification of modulators of the modified receptor is 
accomplished by assays using either whole cells or membrane 
preparations. 
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EXAMPLE 12 

Cloning of Modified Receptor cDNA into a veast expression vector 
Recombinant modified receptor is produced in the yeast 
cerevisiae following the insertion of the modified receptor cDNA 
5 cistron into expression vectors designed to direct the intracellular or 
extracellular expression of heterologous proteins. In the case of 
intracellular expression, vectors such as EmBLyex4 or the like are 
ligated to the modified receptor cistron [Rinas, U. et ah, 
Biotechnology 8, 543-545 (1990); Horowitz B. et ah, 7. Biol. Chem. 
10 265, 4189-4192 (1989)]. For extracellular expression, the modified 
receptor cistron is ligated into yeast expression vectors which fuse a 
secretion signal. The levels of expressed modified receptor are 
determined by the assays described herein. 

15 EXAMPLE 13 

Purification of Recombinant Modified Receptor 

Recombinantly produced modified receptor may be 
purified by a variety of procedures, including but not limited to 
antibody affinity chromatography. 

20 Modified receptor antibody affinity columns are made 

by adding the anti-modified receptor antibodies to Affigel-10 
(Biorad), a gel support which is pre-activated with N- 
hydroxysuccinimide esters such that the antibodies form covalent 
linkages with the agarose gel bead support. The antibodies are then 

25 coupled to the gel via amide bonds with the spacer arm. The 

remaining activated esters are then quenched with 1 M ethanolamine 
HC1 (pH 8). The column is washed with water followed by 0.23 M 
glycine HC1 (pH 2.6) to remove any non-conjugated antibody or 
extraneous protein. The column is then equilibrated in phosphate 

30 buffered saline (pH 7.3) together with appropriate membrane 
solubilizing agents such as detergents, and the cell culture 
supematants or cell extracts containing solubilized modified receptor 
or modified receptor subunits are slowly passed through the column. 
The column is then washed with phosphate-buffered saline (PBS) 
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supplemented with detergents until the optical density (A280) falls to 
background; then the protein is eluted with 0.23 M glycine-HCl (pH 
2.6) supplemented with detergents. The purified modified receptor 
protein is then dialyzed against PBS. 

5 

EXAMPLE 14 

Cloning and Expression of Modified Receptor in Mammalian Cell 
System 

A modified receptor is cloned into a mammalian expression 
10 vector. The mammalian expression vector is used to transform a 
mammalian cell line to produce a recombinant mammalian cell line. 
The recombinant mammalian cell line is cultivated under conditions that 
permit expression of the modified receptor. The recombinant 
mammalian cell line or membranes isolated from the recombinant 
15 mammalian cell line are used in assays to identify compounds that bind 
to the modified receptor. 

EXAMPLE IS 

Screening Assay 

20 Recombinant cells containing DNA encoding a modified 

receptor, membranes derived from the recombinant cells, or 
recombinant modified receptor preparations derived from the cells or 
membranes may be used to identify compounds that modulate modified 
G-protein coupled receptor activity. Modulation of such activity may 

25 . occur at the level of DNA, RNA, protein or combinations thereof. One 
method of identifying compounds that modulate modified G-protein 
coupled receptor, comprises: 

(a) mixing a test compound with a solution 
containing modified G-protein coupled receptor to form a mixture; 

30 (b) measuring modified G-protein coupled receptor 

activity in the mixture; and 

(c) comparing the modified G-protein coupled 
receptor activity of the mixture to a standard. 
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WHATTS CI AIMED IS: 

1 . Isolated DN A encoding a modified receptor, the 
modified receptor being derived from a G-protein coupled receptor 

5 having seven transmembrane domains and the modified receptor having 
deletions in the third intracellular domain, or a functional derivative 
thereof. 

2. The DN A of Claim 1 wherein the modified receptor 
10 is a modified p3-adrenergic receptor. 

3. Isolated RNA encoded by the isolated DNA of Claim 

1 or its complementary sequence. 

15 4. Isolated RNA encoded by the isolated DNA of Claim 

2 or its complementary sequence. 



20 



5. An expression vector containing the isolated DNA of 

Claim 1. 

6. A recombinant host cell containing the expression 
vector of Claim 5. 



7. A process for the production of a modified G-protein 

25 coupled receptor, comprising: 

a) transforming a host cell with the isolated DNA of 
Claim 1 to produce a recombinant host cell; 

b) culturing the recombinant host cell under 
conditions which allow the production of modified G-protein coupled 

30 receptor; and 

c) recovering the modified G-protein coupled 

receptor. 
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8. The modified G -protein coupled receptor produced 
by the process of Claim 7. 

9. The process of Claim 7 wherein the modified G- 
5 protein coupled receptor is a modified beta-3 adrenergic receptor. 

10. An isolated and purified modified G-protein coupled 
receptor, the receptor having seven transmembrane domains and 
having amino acids deleted from the third transmembrane domain, or a 

10 functional derivative thereof. 

1 1 . The purified modified G-protein coupled receptor of 
Claim 1 0 which is a modified beta-3 adrenergic receptor. 

15 12. A method of identifying compounds that modulate 

modified G-protein coupled receptor activity, comprising: 

(a) mixing a test compound with a solution 
containing modified G-protein coupled receptor to form a mixture; 

(b) measuring modified G-protein coupled receptor 
20 activity in the mixture; and 

(c) comparing the modified G-protein coupled 
receptor activity of the mixture to a standard. 

13. Compounds identified by the method of Claim 12. 

25 • 

14. Pharmaceutical compositions comprising the 
compound of Claim 13. 

15. A method for identifying compounds which 

30 specifically bind to a modified G-protein coupled receptor, comprising: 

(a) cloning a G-protein coupled receptor; 

(b) altering the DNA sequence encoding the third 
intracellular domain of the cloned G-protein coupled receptor; 
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(c) splicing the altered receptor into an expression 

vector to form a construct; 

(d) introducing the construct into a cell which does 
not express the altered receptor in the absence of the introduced 

5 construct; 

(e) incubating cells or membranes isolated from 
cells produced in step c with a quantifiable compound known to bind to 
the receptor; and 

(f) adding test compounds so as to compete the 
10 quantifiable compound from the receptor. 

16. Compounds identified by the method of Claim 15. 

17. A method of making a modified G-protein coupled 

15 receptor, comprising: 

(a) isolating DNA encoding a G-protein coupled 

receptor; 

(b) altering the DNA of step (a) by deleting at least 
one nucleotide from DNA encoding the third intracellular domain of the 

20 G-protein coupled receptor; 

(c) isolating the altered DNA; 

(d) expressing the altered DNA; and 

(e) recovering the modified G-protein coupled 



receptor. 



17. 



18. The modified G-coupled protein receptors of Claim 



1 9. The method of Claim 1 7 wherein between six and 
30 thirteen nucleotides are deleted from DNA encoding the third 
intracellular domain of the G-protein coupled receptor. 



20. The isolated DNA of Claim 1 wherein the modified 
G-protein coupled receptor is selected from the group consisting of: 
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(a) D(277-289) beta-3 adrenergic receptor; and 

(b) D(227-234) beta-3 adrenergic receptor. 

21 . The isolated and purified receptor of Claim 10 
5 wherein the modified beta adrenergic receptor is selected from the 

group consisting of D(277-289) beta-3 adrenergic receptor and D(227- 
234) beta-3 adrenergic receptor. 
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